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Abstract 

The  MIT/  Draper  Technology  Development  Partnership  Project  is  a  two  year  design  and 
development  project  between  Draper  Laboratory  and  the  MIT  Department  of  Aeronautics  and 
Astronautics.  Overall  aims  of  the  project  include  the  development  and  testing  of  an  innovative 
first-of-a-kind  system  using  the  capabilities  of  both  institutions  over  a  two  year  period.  During 
the  first  year,  the  Partnership  decided  on  the  design  and  development  of  a  gun-launched  aerial 
reconnaissance  vehicle  compatible  with  current  U.S.  Navy  five  inch  guns.  The  second  year  team 
began  with  a  review  of  the  previous  work  and  continued  project  development  with  the  detailed 
design,  manufacturing,  and  testing  of  two  proof-of-concept  vehicles. 

This  thesis  reviews  the  system  design  from  concept  review  through  the  final  design  and  test¬ 
ing.  Design  and  development  of  the  launch  and  flight  support  system  and  the  vehicle  deployment 
system  is  covered  in  detail.  These  systems  protect  the  reconnaissance  flyer  during  launch  and  bal¬ 
listic  flight  and  initiate  the  deployment  sequence.  The  major  systems  critical  to  a  gun  launched 
reconnaissance  vehicle  were  tested.  Innovative  subsystems  successfully  survived  launch  within 
an  eight  inch  test  canister.  The  thesis  covers  the  results  of  the  development  and  testing  and  can 
serve  as  a  design  path  for  further  integration  and  design  of  the  vehicle  into  an  operational  unit. 
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1.0  Introduction 


1.1  MIT/Draper  Technology  Development  Partnership  Project 

MIT/  Draper  Technology  Development  Partnership  Project  is  a  program  that  seeks  coop¬ 
eration  between  Charles  Stark  Draper  Laboratory  and  the  Massachusetts  Institute  of  Technology’s 
Department  of  Aeronautics  and  Astronautics.  A  major  goal  of  the  program  is  to  develop  an  inno¬ 
vative  system  to  fulfill  a  national  need  and  be  capable  of  designing,  building,  and  testing  the  sys¬ 
tem  in  a  time  span  of  two  years.  Objectives  for  the  project  emphasize  “unobtainium,”  meaning  a 
unique  technology  or  system  that  has  never  been  fully  explored,  tested,  or  developed.  Preliminary 
work  in  the  first  year  involved  researching  and  identifying  national  needs,  finding  opportunity 
areas,  performing  market  research  and  analysis,  and  identifying  needs  with  potentially  innovative 
or  challenging  solutions.  This  research  and  a  project  down-select  led  to  the  identification  and 
selection  of  the  Wide  Area  Surveillance  Projectile  (WASP).  The  WASP  is  a  first-of-a-kind 
unmanned  aerial  vehicle  system  designed  to  provide  real-time  aerial  coverage  of  a  pre-selected 
area. 

1.1.1  Program  Obj  ectives 

Systems  engineering  education  and  skill  development  and  Draper’s  challenge  to  develop  a 
first-of-a-kind  were  the  two  main  objectives  of  the  MIT/  Draper  Partnership.  The  MIT  Aero/ 
Astro  Master  of  Engineering  (M.  Eng.)  program  focuses  on  learning  team  design  and  systems 
engineering  skills.  A  structured  class  schedule  and  team  design  experience  with  the  Draper 
project  provide  a  hands-on  learning  environment.  The  Draper  project  focuses  on  the  development 
of  an  unprecedented  system  design  involving  innovation  or  technology  application.  Draper  funds 
the  project  and  is  recognized  as  the  system  customer,  with  whom  project  requirements  are  devel¬ 
oped  and  revised.  Ultimately  the  system  will  have  actual  customers  who  will  purchase  and  use 
the  WASP  system,  and  the  design  team  was  careful  to  meet  the  objectives  of  the  final  qualified 
system.  Objectives  of  the  project  are  to: 

1 .  Develop  a  first-of-a-kind  system 

2.  Provide  a  solution  to  a  national  problem,  opportunity,  or  need 


3.  Involve  “high-risk”  technologies,  termed  “unobtainium” 

4.  Use  integrated,  multi-discipline  product  development  techniques 

5.  Take  advantage  of  enabling  technologies 

6.  Be  applicable  to  several  markets  and  customer  needs 

1.1.2  Program  Schedule  -  The  Two  Year  Plan 

The  MIT/  Draper  project  began  in  the  fall  of  1996  and  ended  in  the  summer  of  1998.  Two 
teams  of  students  contributed  to  the  project,  with  three  students  present  for  the  entire  two  years. 
Figures  1.1  and  1.2  contain  the  initial  long-term  schedule,  which  lists  the  project  milestones  and 
deadlines.  First  research  was  done  to  identify  and  categorize  national  needs,  market  niches,  and 
possible  areas  for  new  technology  development.  Following  this  research  and  preliminary  analy¬ 
ses  five  possible  project  ideas  were  formulated  by  the  student  team.  From  these  five  projects 
Draper  chose  to  pursue  a  gun-launched  reconnaissance  vehicle  that  would  provide  fast  response 
time  at  low  cost,  satisfying  this  national  need  identified  by  the  team’s  research.  The  team  began 
the  preliminary  design  for  a  reconnaissance  vehicle  that  was  launched  by  typical  guns  of  the  U.S. 
armed  forces.  The  project  came  to  be  known  the  Wide  Area  Surveillance  Projectile,  although  the 
sole  usage  of  the  term  surveillance  is  misleading,  since  reconnaissance  is  the  primary  focus  of  the 
system.  The  first  year  efforts  produced  documentation  of  national  needs,  market  projections,  a 
conceptual  design  for  the  vehicle,  and  an  understanding  of  the  analysis  needed  and  challenges 
involved. 
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Figure  1.1:  Two-Year  MIT/  Draper  Project  Plan,  May  to  November  1996 
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Many  of  the  first  year  student  team  members  finished  their  degrees  in  May  1997.  Design 
work  for  the  WASP  by  the  second  year  team  began  in  earnest  in  June  1997.  Only  three  of  the 
original  members  of  the  first  year  team  continued  through  the  entire  second  year.  Two  other 
members  of  the  original  team  were  able  to  continue  for  the  majority  of  the  summer.  Two  addi¬ 
tional  members  joined  the  team  in  the  fall  of  1997,  and  the  project  continued  through  the  rest  of 
the  design  process  and  into  the  testing  and  verification  stages.  This  thesis  and  those  of  the  other 
team  members  referenced  herein  cover  the  work  completed  during  this  period  and  the  technology 
demonstrations  the  team  accomplished.  The  design  of  the  WASP’s  launch  protection,  flight  sup¬ 
port,  and  deployment  systems  is  covered  in  this  thesis. 

1.1.3  Mission  Scenario 

The  WASP  system  is  primarily  designed  to  perform  reconnaissance  over  a  pre-selected 
target  area.  The  mission  concept  recognizes  the  advantages  of  unmanned  aerial  vehicles  (UAVs) 
for  reconnaissance  usage.  WASP  is  designed  to  be  a  low-cost,  fast  response  UAV  that  can  be  fired 
and  controlled  by  smaller  units  with  access  to  off-shore  naval  guns  or  army  artillery.  Range  is  an 
important  factor  in  the  performance  of  the  system  since  a  greater  vehicle  range  will  allow  the  gun 
to  be  stationed  further  from  the  area  to  be  observed  and  thus  safer.  In  combination  with  other 
projects  under  development  at  Draper  and  other  laboratories,  WASP  can  be  used  to  gather  infor¬ 
mation  on  missile  or  vehicle  locations  or  assess  battle  damage,  as  shown  in  Figure  1.3.  Other  mis¬ 
sion  scenarios,  such  as  long  duration  missions  for  area  surveillance,  communications  relay,  signal 
intelligence,  or  company-level  reconnaissance  have  been  proposed  for  the  WASP  system. 
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Figure  1.3;  WASP  Mission  Scenario 


1.1.4  System  Requirements 

Requirements  for  the  WASP  system  were  determined  by  consultations  between  Draper 
and  the  design  team  during  the  first  year  of  the  program.  An  effort  was  made  to  analyze  initial 
customer  requirements  and  goals  for  the  system  and  produce  a  revised  set  of  system  requirements 
to  meet  the  project  objectives.  From  the  revised  customer  requirements  a  set  of  weighted  require¬ 
ments  for  design  development  were  determined.  Table  1.1  below  summarizes  the  system  require¬ 
ments  and  development  process,  providing  an  overall  view  of  the  system  development  goals  and 
design  requirements  presented  to  the  group  of  students  that  joined  the  project  at  the  start  of  the 
second  year.  Detailed  requirements  development  and  analysis  is  covered  in  the  first  year  docu¬ 
mentation  [1-5]. 
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Table  1.1:  System  Requirement  Development 


Area 

Launch 

Initial  Customer 
Requirements 

Navy  5”,  Army  155 
mm  Guns 

Revised  Customer 
Requirements 

same 

Related  Requirements,  Weighted  1-10 

high  reliability  (8),  short  launch  time  (3) 

Range 

70  -  200  miles 

15-20  miles  ballisti- 
cally 

long  range  (5), 

Mission  Time 

1-8  hours 

20  -  30  minutes 

long  loiter  time  (10), 

Operational 

Time 

2  hours 

20  -  30  minutes 

long  operational  time  (10),  ease  of  oper¬ 
ations  (10),  long  shelf  life  (4) 

Imaging 

camera 

camera,  1  mile  resolu¬ 
tion 

accurate  positioning  (9),  max.  field  of 
view(8),  max  image  resolution  (8) 

Information 

Timing 

Near-real-time 

1  image  every  3-10 
min. 

Near-real-time  (9), 

Autonomous 

Operation 

Some  degree 

same 

high  degree  of  autonomy  (8),  high  reli¬ 
ability  (8) 

Cost 

$20,000  -  $30,000  per 
flight  vehicle 

$2,000  -  $3,000  per 
flight  vehicle 

low  cost  (10) 

Safety 

Self-destruct,  8  oz. 
pieces 

same 

very  safe  to  handle  (10),  minimal  self- 
destruct  debris  (4) 

1.1.5  WASP  Market  Niche 

An  important  goal  of  the  project  was  to  produce  a  concept  that  could  be  marketed.  There 
are  many  existing  UAV  systems  that  can  perform  reconnaissance  missions.  WASP  had  to  offer 
advantages  over  the  other  UAV s  on  the  market  that  would  convince  a  prospective  customer  to  pur¬ 
chase  and  use  the  system.  The  major  advantages  of  this  system  were  identified  during  the  first 
year  to  be:  1)  fast  response  time,  2)  an  ability  to  command  the  system  by  smaller  units,  and  3)  low 
cost.  A  comparison  of  the  vehicle  and  these  advantages  is  shown  schematically  in  Figure  1.4. 
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1.1.6  Previous  Work 

Theses  of  the  first  year  students  [1-5]  document  the  work  performed  prior  to  the  integra¬ 
tion  and  start  of  the  second  year  team.  Previous  work  in  the  structural  aspects  of  the  WASP  flight 
support  system  was  done  by  Cory  R.A.  Hallam  [1].  At  the  time,  the  emphasis  was  to  develop  an 
entirely  new  shell  made  of  composite  material.  Therefore  much  of  the  previous  researcher’s  work 
refers  to  this  design  concept. 

Work  had  developed  to  the  point  where  the  first  year  team  had  a  conceptual  design  of  the 
WASP  system  but  no  tests  or  reviews  by  persons  knowledgeable  in  the  design  of  gun-launched 
systems  had  been  performed.  Due  to  the  complexity  of  the  concept  and  the  difficulty  of  testing  an 
operational  vehicle  in  the  time  allotted,  the  team  decided  to  divide  concept  demonstration  into  two 
vehicles,  as  shown  in  Figure  1 .5.  Complete  design  of  the  operational  vehicle  would  require  state- 
of-the-art  electronics  technology  due  to  the  size  and  load  constraints.  The  electronics  would  be 
expensive,  and  testing  a  fully  operational  vehicle  would  risk  losing  or  destroying  the  electronics. 
The  separation  of  the  vehicles  allowed  the  team  to  focus  on  specific  challenges  for  each  vehicle 
while  demonstrating  the  viability  of  the  WASP  system. 
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Operational  Vehicle 

•Complete  Design 
•Challenges: 

1.  High-g  survivability 

2.  Hying  qualities 


% 


High-G  Vehicle  THOV^ 


Flight  Test  Vehicle  (FTY) 


•G-hardened  structural,  mechanical, 
propulsive,  and  deployment  systems 
•Onboard  electronics  proven  on  CMATD 


•Demonstrate  flying  qualities  and 

aerodynamic  performance 

•“Off  the  shelf”  electronics  for  stability 

augmentation  system  and  telemetry  to  reduce 

cost 


Figure  1.5:  Concept  Demonstration  Schematic 


Together  the  two  vehicles  test  many  of  the  “unobtainium”  challenges  associated  with  the 
design  of  a  fully  functional  operational  vehicle.  As  shown  above,  one  vehicle  would  focus  on  the 
survivability  of  the  vehicle  when  exposed  to  the  high  acceleration  forces  (hereafter  referred  to  as 
the  “high-g”  environment)  during  launch.  Termed  the  High-G  Vehicle  (HGV),  it  would  replicate 
the  structure  of  the  operational  vehicle  and  be  able  to  test  the  mission  sequence  from  gun  launch 
to  flyer  deployment.  The  Flight  Test  Vehicle  (FTV)  would  simulate  the  performance  and  handling 
qualities  for  the  operational  vehicle  by  using  a  scaled  up  version  of  the  dimensions  and  configura¬ 
tion  of  the  operational  flyer.  Autonomous  control  and  navigation  would  be  incorporated  into  the 
FTV  using  commercial,  non-high-g  qualified  electronics  making  it  cheaper,  easier  to  build,  and 
reducing  development  risk.  Incorporating  space  for  smaller,  high-g  qualified  electronics  in  the 
HGV  but  not  installing  them  would  focus  HGV  testing  on  the  structural  aspects  of  the  vehicle 
design  without  putting  expensive  electronics  at  risk.  A  set  of  Test  Vehicle  Requirements  was  gen¬ 
erated  and  used  to  guide  the  system  design  process.  Appendix  A  contains  the  Test  Vehicle 
Requirements  as  stated  at  the  start  of  the  second  year  design  phase. 

The  majority  of  the  material  covered  within  refers  to  the  High-G  Test  Vehicle  only,  since  it 
is  the  primary  mission  of  this  vehicle  to  prove  the  survivability  of  the  system  during  launch, 
down-range  flight,  and  deployment.  It  was  also  the  goal  of  the  High-G  team  to  produce  a  test 
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vehicle  close  to  the  operational  configuration  of  the  WASP,  and  to  verify  more  than  just  the  sur¬ 
vivability  of  the  structure.  Combining  the  operation  of  small,  high-g  qualified  electronics  mod¬ 
eled  by  the  FTV  into  the  structure  of  the  HGV  would  produce  a  system  capable  of  meeting  the 
national  need  identified  by  the  team  for  a  fast  response,  inexpensive  reconnaissance  vehicle. 

1.1.7  Initial  Systems  Concept 

The  leading  concept  at  the  conclusion  of  the  first  year  was  selected  from  four  initial  vehi¬ 
cle  concepts  developed  during  the  spring  of  1997.  These  four  concepts  are  discussed  in  greater 
detail  in  Reference  [1].  Small  groups  were  formed  where  each  was  responsible  for  the  concept 
research  and  evaluation.  Initial  dimensioning,  layout,  and  structural  analysis  was  performed  for 
each  concept.  The  chosen  design  was  termed  the  “Supershell”  and  consisted  of  a  fully  integrated 
system,  with  a  composite  flyer  body  inserted  directly  into  the  gun  and  launched.  The  vehicle 
would  be  launched  as  a  projectile  and  transform  into  a  flyer  following  the  ballistic  flight.  These 
stages  are  pictured  below  in  Figure  1.6. 


Figure  1.6:  The  Supershell  Concept 


Slots  in  the  body  would  allow  deployment  of  the  wings,  tails,  and  propeller  blades.  Other  holes  in 
the  structure  would  be  necessary  for  reconnaissance  instruments,  antennas,  and  cameras.  The 
entire  body  would  be  constructed  of  composite  material  to  reduce  the  weight  of  the  flyer  and  pro- 


17 


vide  better  aerodynamic  flight  performance.  The  major  dimensions  of  the  Supershell  are  shown 
in  Figure  1.7  and  the  inboard  profile  in  Figure  1.8. 


18 


tail  nownt 


actuators 


{ 


selF-destrucjt 
power  cpnolitlonlng 

batteries 

gyros/accelerone^ters 

fuel 


lanera 


'nain  wing  mounts 
engine 

uff  ler 
p>op  shaft 

Figure  1.8:  Supershell  Component  Layout 


2.0  Preliminary  Design  and  Concept  Reevaluation 

The  first  duty  of  the  second  year  team  was  to  become  familiar  with  the  project  develop¬ 
ment  and  the  work  done  the  previous  year.  As  the  work  was  reviewed,  many  team  members 
became  aware  of  unforeseen  challenges  and  difficulties  of  developing  the  Supershell  concept. 
Designing  Supershell  would  mean  developing  a  composite  projectile,  currently  an  ongoing 
project  in  government  research  facilities,  and  still  considered  a  new  application  area  for  compos¬ 
ites.  Therefore  the  team  repeated  the  concept  development  and  analysis  process  and  developed  a 
different  approach  using  conventional  shell  designs.  Concept  analysis  was  augmented  by  consult¬ 
ing  current  experts  in  gun  technology  and  conducting  more  detailed  research  into  the  gun  environ¬ 
ment. 

2.1  Considerations 

Many  factors  led  the  second  year  team  to  repeat  the  concept  development  and  down-select 
process.  Testing  of  the  Supershell  concept  had  still  not  begun  and  during  the  summer  of  the  sec¬ 
ond  team’s  arrival  was  consistently  delayed.  The  second  year  team  was  excited  by  the  concept  yet 
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felt  that  the  design  was  risky  and  difficult  to  validate  in  the  year  remaining  to  complete  the  project. 
Detailed  explanations  of  the  reasons  are  given  in  the  following  sections. 

2.1.1  Gun  Environment 

Projectiles  launched  from  the  standard  5”  Navy  gun  have  certain  requirements  and  inter¬ 
faces  they  must  meet  to  be  used  by  the  fleet.  These  requirements  were  researched  using  available 
references  and  extensive  conversations  with  Navy  projectile  suppliers  at  the  Naval  Surface  War¬ 
fare  Center  Crane  Division  (Crane,  Indiana)  and  projectile  design  engineers  at  the  Naval  Surface 
Warfare  Center  Dahlgren  Division  (Dahlgren,  Virginia).  Design  requirements  to  be  met  can  be 
considered  in  terms  of  the  projectile  launch  sequence. 

The  first  issue  involves  handling  and  preparation  of  the  projectile  for  launch.  Navy  guns 
use  automatic  loading  systems  which  require  certain  dimensions  and  features  to  be  located  on 
each  projectile.  Projectiles  must  be  certain  lengths  or  fit  certain  geometries  to  avoid  automatic 
loading  shut  down.  Forward  areas  of  the  projectile  must  have  a  groove  by  which  the  auto-loader 
grasps  the  shell  as  it  is  selected  and  loaded.  Propellant  containers  are  placed  behind  the  projectile 
and  the  entire  load  is  rammed  into  the  breech  of  the  gun  in  one  motion.  The  shell  must  be  sturdy 
at  its  base  to  withstand  the  force  of  the  mounting  ram. 

Correct  placement  of  the  projectile  within  the  gun  is  determined  by  the  obturator  position. 
An  obturator  is  a  band  of  material  around  projectiles  with  an  outer  diameter  greater  than  the  gun 
barrel.  Obturators  serve  multiple  functions;  they  halt  the  projectile  at  the  correct  location  in  the 
gun  breach,  provide  a  seal  between  the  barrel  wall  and  the  projectile,  and  interact  with  the  barrel 
rifling.  Correct  location  ensures  the  obturator  seals  the  breach  as  designed,  which  is  important  to 
prevent  “blow-by”  during  launch.  Blow-by  occurs  when  the  seal  between  the  projectile  and  gun 
is  not  complete,  and  the  pressure  in  the  breach  is  released  around  the  projectile.  Combustion 
gases  flow  around  the  projectile  without  accelerating  it  to  the  correct  speeds.  In  spin-stabilized 
projectiles,  the  obturators  retain  the  seal  while  engaging  the  barrel  rifling.  Rifling  refers  to  the 
spiral  grooves  cut  into  the  gun  barrel  interior  that  impart  spin  to  the  shell  as  its  accelerated.  In  fin- 
stabilized  projectiles,  the  obturator  is  designed  to  provide  only  the  seal  and  not  to  engage  the 
rifling.  Usually  made  of  nylon,  these  “slip-obturators”  are  not  sturdy  enough  to  remain  engaged 
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in  the  rifling,  and  impart  very  little  spin.  Obturators  are  a  necessary  component  in  any  projectile 
fired  from  a  rifled  gun. 

Launch  involves  high  pressures  exerted  on  all  parts  of  the  body,  large  inertial  accelera¬ 
tions,  and  exposure  to  heat  and  large  vibration  levels.  These  effects  occur  over  time  periods  of 
milliseconds,  causing  large  impulsive  stresses  and  stress  waves  in  the  projectile  that  are  difficult  to 
model  analytically  [6].  Standard  weight  projectiles  undergo  accelerations  on  the  order  of  12,Q00 
times  the  force  of  gravity  (referred  to  as  g’s)  from  the  aft  pressure  forces.  Motion  of  the  projectile 
down  the  barrel  results  in  balloting,  side-to-side  knocking  of  the  projectile  within  the  barrel  cylin¬ 
der.  Balloting  can  result  in  lateral  accelerations  on  the  order  of  one  thousand  g’s  and  is  imparted 
to  raised  bumps  of  material  on  the  outside  of  the  projectile  body. 

Projectile  barrel  exit  releases  the  pressure  forces  on  the  body  almost  instantaneously. 
Acceleration  of  the  projectile  has  put  energy  into  the  system  that  is  free  to  be  released  whett  the 
energy  build-up  is  finished.  Structural  compression  of  the  projectile  occurs  due  to  the  high  g-load 
from  the  aft  pressure.  The  release  of  the  compression  force  causes  the  projectile  to  release  the 
energy  by  “springing”  back  into  its  original  shape.  This  effect  results  in  a  reverse  acceleration  of 
up  to  one-third  the  initial  g-load:  estimated  at  4,000  g’s  for  standard  weight  projectiles.  Termed 
rebound,  the  effect  can  cause  systems  designed  solely  for  the  forward  acceleration  to  fail  suddenly 
as  they  exit  the  barrel.  Characterization  of  rebound  forces  was  revealed  to  the  team  by  contacts  at 
the  Dahlgren  Navy  facility  [7]. 


2.1.2  Schedule 

Development  time  for  a  new  projectile  is  nominally  given  in  years,  and  current  govern¬ 
ment  facilities  were  pursuing  composite  projectile  and  gun  designs.  With  one  year  already  past, 
and  no  analytical  or  test  results  for  a  composite  shell  completed,  successful  development  was 
highly  unlikely.  Efforts  to  build  and  test  composite  cylinders  to  simulate  a  shell  structure  were 
constantly  delayed  by  problems  in  manufacturing  composites  and  the  lack  of  resources  to  test 
models  at  full  scale.  There  was  no  reason  to  believe  the  MIT/  Draper  team  could  reduce  the  nom¬ 
inal  time  estimate.  Therefore  the  team  returned  to  concept  development  with  more  details  of  shell 
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design  available  through  professional  contacts  and  a  need  to  find  existing  components  that  could 
be  used  to  meet  the  WASP  requirements. 

2.1.3  Projectile  Design  Risk 

Development  of  an  entirely  new  projectile  is  a  significant  task,  especially  when  using  non- 
conventional  materials  such  as  composites.  These  risks  were  first  revealed  while  talking  with  gun 
experts  at  Picatinny  Arsenal  [8]  who  have  had  experience  working  with  structural  design  for  gun- 
launched  vehicles  and  composites.  Current  projectile  technology  dates  to  the  Second  World  War, 
and  exact  loading  conditions  and  behavior  cannot  be  modeled  completely.  Most  projectiles  use 
steel  as  the  structural  material  for  the  projectile  outer  wall,  referred  to  as  the  shell.  Shell  design  is 
seen  by  many  within  the  field  as  “black  art”  using  design  tools  and  knowledge  based  on  experi¬ 
ence  and  rigorous  field  testing.  Mean  time  for  new  projectile  development  was  given  in  years 
with  extensive  field  testing  in  actual  guns,  a  development  far  beyond  the  scope  and  abilities  of  the 
current  project.  New  projectile  designs  must  pass  through  a  rigorous  testing  and  qualification  pro¬ 
cedure  prior  to  use  in  the  Navy  fleet  or  Army  arsenal.  A  system  incorporating  a  flying  vehicle  that 
took  advantage  of  current  projectile  designs  would  reduce  development  risk  and  design  time.  The 
closer  the  shell  system  was  to  current  proven  technology,  the  less  risk  associated  with  the  design 
and  development  of  the  WASP  vehicle. 

There  was  a  knowledge  base  within  Draper  Laboratories  concerning  current  projectile 
alterations  and  design  changes.  Draper  has  been  involved  with  the  Smart  Munitions  Program,  the 
development  of  the  Extended  Range  Guided  Munition  navigation  unit,  and  an  Advanced  Technol¬ 
ogy  Demonstration  (ATD)  of  a  guided  round.  The  ATD  involves  extensive  alterations  to  the  cur¬ 
rent  standard  Navy  projectile,  the  Mark  64,  used  in  unguided  explosive  artillery  shells.  Alterations 
included  cutting  the  projectile  in  half,  removing  material  from  within  the  shell,  replacing  areas 
with  different  materials,  and  reassembling  the  projectile  to  provide  more  interior  volume.  Exten¬ 
sive  analysis  determined  the  design  limits  that  would  retain  structural  integrity.  For  example,  a 
minimum  shell  wall  thickness  was  necessary  to  ensure  survival  during  forward  acceleration.  The 
difficulty  inherent  in  analyzing  and  developing  a  new  projectile  design  from  composites  was 
stressed  by  naval  gun  experts  and  designers  at  Draper.  Composites  have  a  higher  strength  to 
weight  ratio  than  metals,  the  primary  advantage  over  steel  projectiles.  They  are  much  harder  to 
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analyze,  fast  computer  analysis  programs  are  rare,  and  models  for  composite  reactions  to  similar 
loads  are  not  widely  available.  The  knowledge  base  and  methods  of  analysis  necessary  to  fully 
develop  a  new  composite  shell  were  not  present,  and  convenient  testing  options  were  not  available 
for  large-scale  models.  According  to  personnel  at  DaWgren,  worthwhile  composite  projectile 
testing  must  be  done  with  full-scale  models  to  get  useful  data  on  material  behavior  [7].  The  con¬ 
sensus  was  that  composites  could  be  considered  for  future  designs  but  not  until  they  are  qualified 
by  experienced  projectile  designers  and  used  in  the  field. 

Due  to  the  above  reasoning,  the  team  repeated  the  concept  generation  and  down  select 
process.  This  process  led  to  a  different  conclusion  that  proved  simpler  to  implement  and  design  in 
the  long  term,  and  more  likely  to  be  successful  adapting  to  current  gun  technology. 

2.2  Concept  Proposals 

Different  concepts  of  how  to  accomplish  the  mission  were  developed  within  a  smaller 
team  in  the  first  month.  Concept  development  was  based  on  what  the  team  had  researched  about 
the  system,  the  information  contained  in  the  theses  from  the  previous  year,  and  information  from 
reference  sources  and  field  experts.  The  guidelines  based  on  this  information  are  briefly  reviewed 
prior  to  detailed  explanation  of  the  vehicle  concepts. 

2.2. 1  Concept  Development  Guidelines 

Issues  the  team  kept  in  mind  during  concept  development  determined  the  focus  and  direc¬ 
tion  of  the  process.  Eight  guidelines  were  developed  to  help  evaluate  the  concepts.  Due  to  the 
schedule  limitations,  each  design  was  judged  on  the  design  and  manufacturing  complexity.  The 
team  was  aware  of  a  moderate  level  of  complexity  regardless  of  the  concept  but  felt  it  important  to 
differentiate  even  further  to  avoid  choosing  a  concept  that  would  later  prove  difficult  to  manufac¬ 
ture  or  design.  These  judgements  were  based  on  the  experience  of  team  members  and  the  advice 
of  experienced  professionals.  With  only  one  year  remaining,  a  simpler  vehicle  design  and  faster 
manufacturing  would  allow  the  team  to  accomplish  the  project  goals  and  perhaps  more. 

Range  of  the  vehicle  was  also  an  important  factor  for  concept  development.  Research  dur¬ 
ing  the  project’s  first  year  [1]  demonstrated  that  the  best  possible  range  was  achieved  with  a  five 
inch  projectile  weighing  close  to  77  pounds,  much  too  heavy  to  perform  as  a  flyer.  Longer  ranges 
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would  make  the  vehicle  more  attractive  to  potential  customers  since  the  gun  could  be  located  far¬ 
ther  away  from  the  reconnaissance  area,  where  potential  adversaries  could  be  located.  To  fulfill 
the  mission  scenario  shown  in  Figure  1.3,  the  vehicle  would  require  a  range  of  fifteen  nautical 
miles,  close  to  that  of  current  artillery  shells  [9].  The  projected  light  weight  of  the  Supershell 
would  result  in  a  reduced  range  in  comparison  to  heavier  shells  of  similar  size,  reducing  the  effec¬ 
tiveness  of  the  WASP  vehicle. 

Launch  survival  of  the  flyer,  termed  vehicle  protection,  was  a  high  design  priority.  WASP 
is  useless  unless  it  can  survive  launch  with  all  vital  systems  functioning  and  successfully  perform 
a  given  mission.  Launch  is  the  first  challenge  to  system  functionality,  and  is  the  most  likely  point 
at  which  components  fail.  Launch  accelerations  represent  loads  of  several  thousands  times  the 
vehicle  weight.  Research  demonstrated  that  since  the  force  input  of  the  propellant  is  predeter¬ 
mined,  the  g-load  increases  for  lightweight  projectiles  due  to  simple  physics:  force  equals  mass 
times  acceleration.  This  was  another  negative  for  the  Supershell  design-  for  good  flight  perfor¬ 
mance  as  an  integral  flyer  and  projectile  the  vehicle  would  have  to  be  lightweight,  resulting  in 
increased  acceleration  loads.  An  ideal  system  could  be  launched  at  standard  projectile  weight  and 
g-load  to  reduce  launch  loads  but  then  release  or  remove  mass  to  retain  performance  as  a  flyer. 

Another  important  measure  of  performance  for  the  WASP  is  the  loiter  time.  Loiter  time  is 
defined  as  the  amount  of  time  the  flyer  can  remain  aloft  performing  the  reconnaissance  mission. 

It  is  a  function  of  the  amount  of  fuel  on  board,  engine  efficiency,  aerodynamic  performance,  and 
weight.  These  requirements  relate  to  vehicle  volume,  engine  selection,  overall  design,  and  pro¬ 
jected  weight-  so  each  concept  attempted  to  provide  the  best  options  in  these  areas. 

Regardless  of  design,  the  vehicle  must  remain  stable  following  gun  launch.  Standard 
naval  and  artillery  guns  use  rifling  to  produce  spin.  Mark  64  projectile  obturators,  for  example, 
engage  these  grooves  and  spin  the  projectiles  for  a  stable  ballistic  flight  to  the  target.  Due  to 
placement  and  component  constraints,  the  favored  stabilization  method  for  concept  generation 
was  fin  stabilization.  Methods  to  prevent  spinning  due  to  interaction  with  rifled  gun  barrels  do 
exist  but  are  limited  in  application.  Preferred  concepts  could  incorporate  a  method  that  would 
avoid  spinning  the  assembly.  Spin-stabilization  remained  a  back-up  alternative  for  ballistic  stabil¬ 
ity. 

The  flyer  was  required  to  contain  the  necessary  electronics  and  flight  surfaces  to  control  its 
flight  and  perform  the  reconnaissance  mission.  These  components  would  all  require  a  certain 
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internal  volume  and  a  structure  that  could  support  the  weight  of  the  entire  assembly.  Each  con¬ 
cept  was  judged  on  the  internal  volume  that  would  likely  be  available,  with  higher  volume  con¬ 
cepts  preferred. 

Consistent  with  the  operational  launch  procedure,  each  concept  was  evaluated  based  on 
the  gun  automatic  loading  interface.  Current  Navy  guns  use  an  automatic  loading  system  that 
processes  twenty  rounds  each  minute.  The  automatic  gun  mount  requires  a  location  at  the  nose  of 
the  projectile  for  the  mount  to  hold  and  orient  the  projectile  prior  to  insertion  into  the  barrel.  Each 
concept  was  judged  on  whether  this  interface  could  be  incorporated. 

2.2.2  Concepts 

Four  concepts  were  proposed  for  review  by  the  student  team,  professors,  and  field  experts. 
Use  of  composites  was  not  rejected  outright  due  to  the  improved  strength  to  weight  ratio  and  the 
efforts  and  experience  of  team  members  in  this  area.  Vehicle  functionality  and  limitations  on 
development  time  were  the  driving  factors  behind  the  concept  development. 

Concept  One  used  a  sabot  to  interface  with  the  gun  barrel  and  launch  gases.  Sabots  are 
separate  components  that  protect  a  projectile  by  isolating  the  vehicle  from  the  rifled  barrel  and 
absorbing  the  pressures  of  launch  while  imparting  acceleration.  They  are  usually  discarded 
immediately  following  barrel  exit.  Sabots  are  used  mostly  for  unguided  kinetic  projectiles  [10, 
11].  A  conceptual  design  is  shown  in  Figure  2.1  below. 


Figure  2.1:  Concept  One-  Sabot  Supported  Vehicle 
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The  second  concept  considered  was  a  composite/metal  combination  that  attempted  to  use 
the  best  attributes  of  each  material.  Metal  surrounds  the  flyer  configuration  where  the  launch 
gases  are  encountered  and  where  the  forward  end  would  interface  with  the  barrel.  Launch  loads 
and  interior  components  would  be  supported  by  the  internal  structure.  The  composite  would 
serve  as  a  lightweight  skin  for  the  flyer  and  would  not  interact  with  the  gun  barrel.  A  conceptual 
view  is  shown  in  Figure  2.2. 


Concept  Three,  termed  the  Shell-Contained  Flyer,  used  a  modified  Mark  64  shell  to  con¬ 
tain  and  support  the  flyer.  An  outer  metal  support  structure  would  interface  with  the  rifled  barrel 
and  provide  all  of  the  structural  support  during  launch.  It  would  enclose  the  flyer,  which  could  be 
surrounded  by  a  thin  composite  skin  to  provide  internal  support  and  a  smooth  aerodynamic  sur¬ 
face.  This  shell  would  be  discarded  from  the  vehicle  after  ballistic  flight  to  the  range  needed, 
deploying  the  enclosed  flyer  to  perform  the  mission.  Concept  Three  was  the  only  concept  to  com¬ 
pletely  separate  the  flyer  from  a  shell  that  supports  launch  and  ballistic  flight.  A  schematic  used 
to  illustrate  the  concept  is  shown  in  Figure  2.3. 
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The  final  concept  was  similar  to  Supershell  in  that  it  combined  the  flyer  and  shell  into  one 
complete  vehicle.  Concept  Four  supported  itself  during  launch  and  transformed  into  a  flyer  after 
flying  down  range.  Vehicle  surfaces  would  interface  with  the  gun  barrel,  support  the  internal 
components  during  launch  loads,  and  serve  as  the  aerodynamic  skin.  This  concept  matched  the 
original  idea  except  for  the  metal  shell.  Therefore  the  concept  was  altered  to  include  the  original 
proposal  of  an  all-in-one  shell  and  flyer,  with  both  made  of  uniform  material  (composite  or  metal). 
A  concept  schematic  is  shown  in  Figure  2.4. 


Figure  2.4:  Concept  Four-  Shell/  Flyer,  Uniform  Structural  Material 
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2.2.3  Conceptual  Research  and  Design 


The  above  concepts  were  further  developed  by  comparing  with  current  practice,  laying  out 
different  configurations,  analyzing  first  cut  data,  and  using  engineering  judgement.  As  mentioned 
the  majority  of  the  sabot-launched  vehicles  are  unguided  kinetic  projectiles.  Sabot  designs 
encountered  were  usually  quite  large,  and  for  a  five  inch  gun,  this  limited  the  internal  volume  of 
the  flyer. 

Although  there  was  no  precedent  for  Concept  Two,  it  became  clear  from  initial  layouts 
that  it  would  be  difficult  to  attach  and  release  the  metal  portions.  Comparison  of  this  concept  with 
Concept  Three  did  not  reveal  much  benefit  other  than  possibly  a  larger  internal  volume.  Design 
and  manufacture  of  this  concept  would  be  one  of  the  more  complex  of  the  four  concepts. 

Contacts  at  Dahlgren  believed  that  Concept  Three  would  have  difficulty  to  containing  the 
load  within  the  shell  [12].  Citing  the  launch  accelerations  and  the  pressure  on  the  base,  the  Dahl¬ 
gren  contacts  considered  the  concept  difficult  to  design.  The  comments  went  on  to  provide  useful 
information  and  data  for  the  parachute  and  gun  designs.  Engineering  drawings  of  a  round  that 
could  contain  a  payload  within  the  projectile  structure  and  was  currently  in  development  were 
sent  to  assist  the  design  process.  These  drawings  were  the  first  drawings  received  of  the  illumina¬ 
tion  round  discussed  in  later  sections. 

Concept  Four  limited  the  performance  in  some  way  regardless  of  the  material  used.  An 
all-metal  vehicle  that  could  survive  launch  would  be  heavy  as  a  flyer.  The  weight  would  reduce 
the  loiter  time  and  jeopardize  successful  performance  of  the  mission.  A  composite  vehicle  would 
be  much  lighter,  but  this  would  limit  performance  in  other  ways.  In  general,  lighter  projectile  sys¬ 
tems  have  decreased  range  and  are  subject  to  higher  acceleration  forces  at  launch. 

To  determine  the  necessary  internal  volume,  component  sizes  and  weights  were  listed  and 
updated  as  information  on  the  exact  electronics  needed  for  the  operational  flyer  were  finalized. 
This  process  generated  a  list  of  necessary  components  regardless  of  the  design  choice  and  a  total 
volume  estimate  for  components  and  structure.  The  list  was  updated  as  the  component  selection 
and  vehicle  development  progressed  until  the  components  and  the  concept  choice  were  finalized. 
Appendix  B  contains  the  last  updated  list  for  the  operational  vehicle  and  the  FTV. 
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2.2.4  Concept  Evaluation  and  Down-Select 


Weights  were  assigned  to  the  above  guidelines,  and  following  some  preliminary  calcula¬ 
tions,  each  concept  was  presented  to  the  team.  Initial  judgement  determined  that  Concept  Three 
and  Concept  One  were  viable  concepts,  but  that  many  of  the  criteria  and  weighting  were  not  based 
on  complete  information,  so  a  definitive  choice  was  postponed  until  the  team  could  research  more 
details  on  current  systems.  Research  focused  on  refining  these  concepts,  searching  for  simpler 
alternatives,  becoming  more  familiar  with  existing  designs  and  systems,  and  attempting  to  ana¬ 
lyze  the  concepts.  Initial  finite  element  analysis  by  Draper  engineers  for  Concept  Three  deter¬ 
mined  a  few  constraints  of  the  design  such  as  minimum  material  thickness  and  load  paths.  The 
team  decided  to  retain  the  composite  Supershell  as  a  concept. 

The  search  for  alternatives  lead  to  research  into  cargo  rounds.  Cargo  rounds  refer  to  pro¬ 
jectiles  that  carry  a  payload  deployed  from  within  the  projectile  body  after  launch.  The  most 
common  type  of  cargo  round  is  the  illumination  round,  which  contains  an  ejection  charge,  incen¬ 
diary  flare,  a  large  descent  parachute,  and  a  deceleration  chute.  Current  Navy  illumination  rounds 
use  the  Mark  48  Mod  1  projectile,  similar  in  shape  to  the  Mark  64  but  with  modifications  that 
allow  the  illumination  materials  to  be  inserted  into  and  extracted  from  the  aft  end.  The  projectile 
has  parallel  interior  walls,  a  modified  aft  end  and  obturator  placement,  and  a  removable  base  plug. 
Figure  2.5  is  a  drawing  of  an  illumination  round,  showing  the  major  characteristics. 


Figure  2.5:  Illumination  Round 
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The  parachutes  and  flares  are  ejected  out  the  back  end  of  the  shell,  decelerated,  and  float  slowly  to 
the  ground  while  the  flare  illuminates  the  surrounding  area.  It  was  quickly  recognized  that  the 
illumination  round  performed  many  of  the  functions  that  Concept  Three  had  hoped  to  accomplish. 
Similar  in  idea  to  Concept  Three,  the  Shell  Contained  Flyer,  the  illumination  round  was  an  exist¬ 
ing,  proven  system  currently  used  by  fleet  and  ground  forces.  Using  the  dimensions  of  the  illumi¬ 
nating  cargo  [13],  initial  volume  estimates  matched  those  of  Concept  Three  without  having  to 
modify  the  shell.  After  gathering  more  information  on  the  deployment  process,  weight,  and 
design,  the  team  decided  to  pursue  a  vehicle  based  on  the  illumination  round  shell,  and  concluded 
overall  concept  development. 

2.2.5  Illumination  Round  Characteristics 

Design  of  the  shell  occurred  many  years  ago.  It  was  tested  and  developed  without  the  ben¬ 
efit  of  extensive,  detailed  analysis  available  today.  Dimensions  of  the  projectile  body  are  shown 
in  detail  in  the  part  drawings  received  from  NWSC  Crane  (Appendix  D).  In  addition  to  the  Mark 
48  Mod  1  the  Navy  is  developing  a  new  illumination  round  with  improved  range,  higher  reliabil¬ 
ity,  and  a  higher  level  of  analysis  used  in  the  design  process  [14].  This  round  will  eventually 
replace  the  current  illumination  round  should  its  design  prove  successful. 

The  illumination  round  body  follows  the  forward  contours  of  the  Mk  64  projectile  body, 
except  for  the  aft  end.  Changing  the  geometry  of  the  aft  end  allows  parallel  walls  throughout  the 
length  of  the  shell  and  extraction  of  cargo  from  the  rear.  It  uses  two  obturator  bands  towards  the 
rear  instead  of  one  to  reduce  the  compressive  circular  load  on  the  shell.  Dahlgren  personnel  were 
not  sure  of  the  purpose  of  two  obturator  bands,  but  it  is  suspected  that  the  forward  obturator  seals 
the  breach  while  the  rear  obturator  ensures  correct  seating  [14].  Within  the  shell  wall  a  step  was 
placed  at  the  rear.  This  allowed  for  insertion  of  a  base  with  an  interference  fit  between  the  first 
small  step  and  the  base  diameter.  A  model  of  the  body  shown  in  Figure  2.6  was  made  to  familiar¬ 
ize  the  team  with  the  design  and  provide  a  base  model  to  which  modifications  could  be  made. 

Pins  were  also  inserted  from  the  outside  of  the  shell  through  the  shell  and  base  material.  The 
interference  fit  and  pins  ensure  support  of  the  illumination  round  cargo  within  the  shell  during 
launch,  rebound,  and  ballistic  flight. 
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The  nose  of  the  shell  consisted  of  the  standard  NATO  fuse  for  illumination  rounds.  The 
fuse  consists  of  a  high-g  switch  and  timer  that  are  used  to  activate  the  deployment  of  the  illumina¬ 
tion  round  cargo.  The  fuse  can  be  set  by  the  auto-load  systems  currently  in  use  by  the  Navy  to 
match  the  specified  gun  angle,  range,  and  required  time  to  deployment.  When  the  illumination 
round  and  shell  are  fully  assembled,  the  fuse  is  screwed  on,  and  the  projectile  is  ready  to  be 
launched. 

A  high-g  fuse  switch,  timer  mechanism,  and  explosive  charge  are  included  within  the  nose 
fuse.  The  switch  is  activated  by  the  high-g  launch,  which  activates  the  timer  to  track  the  flight 
time  of  the  projectile.  Upon  activation,  the  fuse  ignites  an  explosive  charge  consisting  of  black 
powder  in  front  of  the  illumination  round  cargo.  The  charge  generates  hot  gases  and  pressure  that 
travels  along  the  outside  of  the  illumination  round  canister  and  impinges  on  the  base/  shell  inter¬ 
face.  Pressure  forces  are  built  quickly  enough  to  eject  the  base  from  the  rear  of  the  shell.  Coun¬ 
terweights  cause  the  base  to  tumble  out  of  the  wake  of  the  shell.  A  cord  attached  from  the  base  to 
the  Ram  Air  Inflatable  Decelerator  (RAID)  drogue  chute  assists  in  rapidly  deploying  the  chute 
behind  the  cargo  and  shell.  The  forces  of  the  RAID  cause  the  illumination  cargo  to  be  pulled  from 
the  interior  of  the  shell  and  decelerated.  After  deceleration  a  large  chute  inflates  and  the  illumina¬ 
tion  material  ignites,  allowing  the  bright  incandescent  flare  to  slowly  drift  to  the  ground.  Reliabil- 
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ity  of  the  illumination  round  is  approximately  75%.  Details  of  the  illumination  round  operation 
were  provided  by  personnel  at  the  Naval  Surface  Warfare  Center,  Crane  [15]. 

The  range  of  the  Mark  48  Mod  1  is  comparable  to  that  of  Mark  64  explosive  rounds.  Due 
to  the  straight  walls  of  the  shell  rear  (no  boat-tail)  it  produces  a  greater  amount  of  drag  than  the 
explosive  rounds.  This  results  in  a  reduction  of  the  range  from  15  nautical  miles  for  the  explosive 
round  to  approximately  12  nautical  miles  for  the  illumination  round.  One  goal  of  the  WASP 
project  is  to  reach  the  15  nm  point  ballistically  with  no  loss  of  coverage  over  the  area  in  which  its 
deployed.  The  range  is  a  major  factor  in  the  current  redesign  of  the  round;  by  adding  a  tapered 
rear  end  to  the  shell  (a  boat-tail)  and  a  hollow  aft  cavity  the  designers  are  hoping  for  more  than  20 
nautical  miles.  Successful  development  of  this  round  and  future  integration  with  the  flyer  design 
could  lead  to  greater  vehicle  range  and  better  vehicle  performance. 

Base  and  shell  attachments  vary  between  that  of  the  old  illumination  round  and  the  new 
illumination  round.  The  old  illumination  round  uses  an  interference  fit  between  the  base  and  the 
shell  of  approximately  4  or  5  thousandths  of  an  inch.  Unfortunately  the  production  of  the  base  is 
not  an  exact  process,  and  it  is  difficult  to  make  each  shell  and  base  exactly.  Therefore  the  base  is 
marked  corresponding  to  successful  fit  with  a  particular  shell  [16].  The  base  is  placed  beneath  a 
hand  press  and  are  forced  into  the  shell  with  a  pressure  up  to  13  kpsi  [17].  If  the  press  reaches  a 
higher  pressure,  the  press  operator  halts  the  process  and  does  not  attempt  to  fit  the  base  to  that 
shell,  but  selects  another.  Some  bases  and  shells  are  assembled  with  very  little  pressure.  To  make 
up  for  the  variability  between  base  and  shell  sizes,  bases  are  also  pinned.  Pins  are  inserted 
through  the  shell  exterior  into  the  base,  and  are  sheared  when  the  explosive  charge  ejects  the  base. 
There  are  four  pins  inserted  radially  straight  into  the  base  and  four  pins  inserted  at  a  45  degree 
angle  [16].  These  pins  compensate  for  the  variability  within  the  production  process  of  the  base 
and  shell. 

This  new  illumination  round  design  avoids  variability  in  press  fit  processes.  The  new  base 
design  is  attached  to  the  shell  with  threads  located  on  the  inside  rear  of  the  shell.  By  reproducing 
exact  thread  specifications,  variance  of  the  production  process  is  allowed  to  exist  on  the  non- 
threaded  initial  production  runs.  Threads  are  specified  to  a  particular  diameter  and  size,  simplify¬ 
ing  assembly  and  allowing  parts  to  be  interchanged.  Regardless  of  design,  the  decision  to  pursue 
the  illumination  round  concept  allowed  detailed  design  of  the  vehicle  to  progress  since  many  of 
the  problems  had  been  resolved. 
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3.0  System  Design 


System  design  includes  the  all  components  required  for  the  successful  performance  of  the 
mission.  This  includes  not  only  the  vehicle  itself  but  ground  hardware  to  operate  flight  control 
and  receive  information  from  the  reconnaissance  instruments.  The  entire  operational  system 
would  consist  of  a  launch-ready  vehicle  and  a  ground  station  to  initialize  and  control  the  vehicle. 

3.1  Overview 

Initial  design  began  with  the  dimensions  of  the  illumination  round  cargo  and  a  rough  lay¬ 
out  known.  Information  on  the  exact  design  and  geometry  of  the  projectile  body  was  not  immedi¬ 
ately  available.  First  to  arrive  were  the  engineering  drawings  for  the  new  illumination  round  that 
was  undergoing  development  at  Dahlgren  [12].  This  shell  was  predicted  to  improve  the  perfor¬ 
mance  of  the  projectile  body,  but  had  less  internal  volume.  Due  to  the  reduced  volume  and  to 
avoid  risking  the  design  on  the  success  of  the  new  illumination  round  the  team  decided  to  proceed 
with  the  current  projectile  body.  Detailed  drawings  that  showed  the  dimensions  and  assembly 
were  eventually  received  and  integrated  design  of  the  flyer  and  projectile  body  proceeded.  During 
this  time  the  operational  sequence,  interfaces,  and  design  guidelines  necessary  to  accomplish  the 
mission  were  determined. 

3.1.1  System  Design  Interfaces 

Much  of  the  design  process  focused  on  the  definition  and  solutions  to  the  interfaces  within 
the  vehicle  systems  and  the  external  interfaces  with  existing  guns  and  hardware.  System  design 
required  close  interaction  within  the  design  team  and  between  the  team  and  outside  resources  to 
help  define  these  interfaces  and  improve  the  vehicle  design.  Figure  3.1  is  a  schematic  generated 
by  the  first  year  team  presenting  a  good  overview  of  the  system  interfaces. 
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Figure  3.1:  System  Interfaces 


3.1.2  Operational  Sequence 

WASP  still  lacked  a  definitive,  detailed  sequence  of  operation  from  gun  launch  to  mission 
end.  Lack  of  an  overall  mission  profile  hindered  detailed  design  of  a  fully  integrated  system  and 
led  to  some  initial  confusion  within  the  design  team.  An  operational  sequence  which  listed  the 
times,  velocities,  altitudes,  component  functions,  and  method  of  testing  for  each  step  from  pre¬ 
launch  to  mission  completion  was  generated,  and  is  enclosed  in  Appendix  C.  The  development  of 
the  operational  sequence  provided  a  baseline  mission  profile  for  the  entire  team  and  allowed 
detailed  design  to  progress  with  the  larger  picture  in  mind.  A  summarized  sequence  is  shown  in 
Figure  3.2  below. 


Launch 


Back  End  Separation/ 
Chute  Cover  Release 


Fin  Deployment 


Figure  3.2:  Operational  Sequence  of  the  WASP 


3.1.3  Flight  Test  Vehicle 

The  Flight  Test  Vehicle  was  designed  and  built  by  members  of  the  team  with  experience  in 
control  and  aerodynamics.  It  is  a  128%  scaled  model  of  the  High-G  Vehicle  design.  The 
deployed-wing  profile  was  scaled  up  and  made  in  solid  halves  of  carbon  fiber.  The  external  struc¬ 
ture  matches  the  High-G  Vehicle  as  closely  as  possible  but  is  made  of  inexpensive,  readily  avail¬ 
able  materials  such  as  sheet  aluminum,  aluminum  tubing,  and  wood.  Integration,  functionality, 
and  testing  of  the  electronics  was  the  most  critical  focus  of  the  flight  test  vehicle.  The  electronic 
system  provides  autonomous  operation  unless  commanded  remotely  by  the  ground  station  con¬ 
trols.  The  electronics  were  all  commercially  available  components  or  constructed  in  house,  The 
design  is  covered  in  further  detail  below. 

3.1.4  High-G  Test  Vehicle 

The  purpose  of  the  HGV  was  to  test  the  structural  integrity  of  the  operational  design  under 
the  conditions  of  launch  and  ballistic  flight.  As  the  project  progressed,  more  emphasis  was  put  on 
the  HGV  to  test  other  aspects  of  the  work  beyond  launch  survival,  such  as  the  deployment 
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sequence,  component  functionality  after  deployment,  and  connections  between  electronic  compo¬ 
nents.  The  ultimate  goal  of  the  HGV  was  to  be  shot  from  a  5”  Naval  gun  and  demonstrate  com¬ 
plete  functionality  up  to  the  mission  start. 

3.1.5  Ground  Station 

As  part  of  the  total  product  design  a  ground  station  with  which  to  receive  data  and  send 
commands  to  the  vehicle  was  also  developed.  The  ground  station  provides  the  capabilities  to  pre¬ 
pare,  plan  and  carry  out  a  mission  and  to  receive  the  flyer  reconnaissance  data.  It  also  provides  an 
interface  for  a  human  controller  to  give  the  flyer  commands  and  allow  for  mission  updates  or 
changes  during  flight.  Design  and  integration  of  the  ground  station  is  covered  in  Reference  [18]. 

3.1.6  Operational  Vehicle 

Complete  operational  design  was  not  pursued  due  to  time  and  complexity  constraints. 
Requirements  for  a  fully  operational  fleet-ready  system  are  more  stringent,  require  greater  tests, 
and  meet  higher  levels  of  safety  and  qualification  than  a  prototype  system.  When  designing  a  pro¬ 
totype,  issues  such  as  long-term  storage  survivability  and  interface  with  projectile  handling  equip¬ 
ment  are  secondary  and  do  not  drive  the  design.  Prototype  design  involves  identification  and 
management  of  risk  and  focuses  on  testing  to  gather  data  to  mitigate  risk.  This  is  useful  when 
designing  a  first-of-a-kind  system  where  pure  analysis  is  not  guaranteed  to  cover  all  possible  sce¬ 
narios.  However  the  design  of  the  HGV  was  intended  to  model  the  Operational  Vehicle  as  closely 
as  possible,  and  serve  as  a  base  configuration  for  finalizing  the  design  into  a  qualified,  fleet-ready 
product.  Certain  aspects  of  the  design  would  require  more  detailed  evaluation  to  meet  operational 
requirements,  but  the  development  and  design  of  the  HGV  solves  many  of  the  more  stringent 
functionality  issues. 
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3.2  Flight  Test  Vehicle  Design 


3.2.1  Overview 

Since  the  most  important  aspect  of  the  Flight  Test  Vehicle  was  the  electronics  and  the 
flight  operation,  the  most  important  consideration  was  to  fit  the  necessary  components  into  the 
smallest  volume  possible,  since  the  optimum  scaling  would  be  the  closest  size  to  the  HGV.  Vol¬ 
umes  of  the  each  component  listed  on  the  Component  List  for  the  FTV  (Appendix  B)  helped  to 
judge  the  initial  scaling,  and  more  detailed  dimensions  in  each  axis  were  also  listed  to  accurately 
model  the  shapes.  Propulsion  components,  wings,  tails,  and  the  power  system  were  also  scaled  up 
and  modeled  after  the  HGV  design. 

3.2.2  FTV  Structure 

Externally,  the  shape  of  the  FTV  replicates  the  HGV.  For  weight  and  ease  of  construction, 
the  materials  are  different  and  the  internal  structure  is  designed  around  the  electronics.  The  nose 
cone  surrounding  the  engine  is  made  of  curled  aluminum  sheet  metal  with  cutouts  for  the  engine 
components.  A  wood  and  plexiglass  engine  mount  connects  the  engine  module  to  the  main  body. 
The  body  consists  of  a  long  aluminum  tube  with  internal  mounts  for  the  electronics  shelf  and 
external  mounts  for  the  wing  halves.  The  rear  of  the  main  body  is  closed  by  a  stereolithography- 
type  resin  structure  that  supports  the  tails,  tail  actuators,  gears,  recovery  chute  servo,  and  camera. 
The  optimum  layout  that  allowed  the  least  amount  of  scaling  was  found  by  modeling  the  dimen¬ 
sions  of  each  electrical  component  on  the  CAD  program  Pro  Engineer.  A  drawing  of  this  config¬ 
uration  is  shown  in  Figure  3.3  with  the  main  components  highlighted. 
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Figure  3.3:  Side  View  of  FTV  Layout 


3.2.3  Propulsion 

The  FTV  uses  a  larger  version  of  the  same  engine  as  the  HGV.  It  produces  300  Watts  of 
power  resulting  in  1.46  pounds  of  thrust.  Manufactured  by  OS  Engines,  Japan,  these  engines  and 
all  related  components  such  as  mounts,  fuel,  and  starting  mechanisms  are  available  at  most  hobby 
shops  carrying  model  aircraft  supplies.  The  propeller  is  similar  to  the  custom  propeller  made  for 
the  HGV,  but  is  limited  to  commercially  available  sizes.  Starting  of  the  engine  is  done  using 
either  an  electric  spin  starter  or  by  spinning  the  propeller  by  hand  with  a  rubber  tube.  Engine-pro¬ 
duced  vibration  can  affect  the  operation  of  the  electronic  components,  therefore  the  mounts  for 
the  engine  and  for  the  components  had  to  be  designed  to  absorb  and  reduce  the  vibrations. 

3.2.4  Electronics 

Electronics  for  the  Flight  Test  Vehicle  were  chosen  as  the  requirements  and  necessary 
components  for  flight  control  were  determined.  These  electronics  provide  autonomous  control  of 
flight  along  a  predetermined  path,  sense  and  counteract  flight  disturbances,  and  stability  augmen¬ 
tation.  A  receiver  and  transmitter  system  on-board  is  able  to  receive  remote  operator  commands 
that  override  the  autonomous  flight  and  transmit  telemetry  data.  The  link  diagram  is  shown  below 
in  Figure  3.4,  and  shows  the  remote  control  that  can  be  input  when  necessary.  The  detailed  design 
and  integration  of  the  FTV  communications  and  electronics  and  the  ground  station  are  discussed 
in  References  [18]  and  [19]. 
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Figure  3.4:  Link  Diagram  for  Flight  Test  Vehicle 


Prior  to  actual  flight,  the  electronics  and  the  flight  of  the  vehicle  were  simulated  in  the  lab¬ 
oratory.  Using  a  simulation  program  developed  by  Draper  Laboratories,  the  FTV  team  was  able 
to  link  the  electronics  used  on  the  flyer  to  a  virtual  flyer  on  a  computer  simulation.  The  digital 
flyer  incorporated  performance  characteristics  of  the  real  vehicle,  allowing  a  controller  to  practice 
the  actual  flight.  Aerodynamic  data  for  the  vehicle  was  recorded  in  MIT’s  five  by  seven  foot  wind 
tunnel.  A  schematic  of  the  simulation  and  links  is  shown  in  Figure  3.5  below.  This  setup  allowed 
the  human  controllers  to  view  the  vehicle’s  control  response  on  the  simulation  prior  to  vehicle 
flight.  The  simulation  was  expanded  to  model  portions  of  the  operational  vehicle’s  mission,  such 
as  gun  launch,  ballistic  flight,  and  the  deployment  sequence.  Known  aerodynamic  data  for  the 
vehicle’s  launch  support  system  was  used  where  possible.  This  simulation  is  a  valuable  asset  to 
train  operators,  demonstrate  the  mission  profile,  and  experiment  with  altering  aerodynamic  values 
or  sequences  of  events. 
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Figure  3.5:  Schematic  of  FTV  Flight  Simulation 


3.2.5  Power  System 


The  power  requirements  are  determined  by  the  power  draw  and  efficiency  of  the  electronic 
components  within  the  FTV,  shown  schematically  on  Figure  3.4  above.  These  requirements  are 
shown  in  Table  3.1.  FTV  Power  is  provided  by  a  rechargeable  battery  pack.  A  detailed  design 
and  discussion  of  both  the  FTV  and  operational  vehicle  power  systems  can  be  found  in  Reference 
[20], 


Table  3.1:Flight  Test  Vehicle  Power  Requirements 


Component 

GPS  Receiver 

I  (Amps) 
0.28 

U  (Volts) 

5 

P  (Watts) 

1.4 

GPS  Antenna 

0.05 

15 

0.75 

IMU 

0.23 

+-  15 

3.50 

IMU  Filters 

0.01 

+-  15 

0.15 

CPU 

0.98 

5 

4.90 

Ethernet 

0.4 

5 

2.00 

Serial  Ports 

0.4 

5 

2.00 

A/D  Converter 

0.01 

5 

0.05 

0.01 

+-  12 

0.12 

Modem 

0.2 

5 

1.00 

Servos 

0.3 

5 

1.50 
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Table  3.1:Flight  Test  Vehicle  Power  Requirements 


Component 

RC  Receiver 

I  (Amps) 
0.014 

U  (Volts) 

4.8 

P  (Watts) 

0.07 

Engine  (glow  plug) 

1.25 

1.5 

1.88 

3.3  High-G  Test  Vehicle  Design 

3.3.1  Overview 

The  HGV  is  designed  to  test  the  mechanical  and  structural  integrity  of  the  vehicle  design. 

It  is  the  prototype  operational  design,  containing  the  necessary  space  for  current  Draper  electron¬ 
ics  needed  in  the  final  system.  More  space  will  become  available  given  the  current  trend  towards 
more  compact  electronics.  After  verification  of  the  vehicle’s  design,  the  team  had  planned  to  test 
as  many  other  system  interfaces  and  systems  as  possible,  including  flyer  deployment,  incorpora¬ 
tion  of  electronics  and  necessary  electrical  connections,  deployment  of  aerodynamic  surfaces,  and 
operation  of  the  engine.  Testing  of  each  of  these  aspects  was  not  realized  for  reasons  covered  in 
Section  6.4,  but  much  of  the  internal  flyer  design  and  functionality  was  verified.  The  design  of  the 
HGV  is  covered  in  detail  in  the  following  sections. 

3.3.2  Flyer  Design 

The  flyer  concept  is  based  on  a  modular  design  that  is  easy  to  machine  and  assemble.  It 
consists  of  three  structural  modules;  the  forward  propulsion  module,  mid-section  wing  module, 
and  the  aft  section  tail  module,  shown  with  all  components  fully  deployed  in  Figure  3.6.  The  pro¬ 
pulsion  module  contains  the  propulsion  system  for  the  flyer  and  is  located  at  the  nose.  It  is 
threaded  to  the  wing  module,  which  houses  the  propulsion  fuel  tank,  battery,  and  the  wings  them¬ 
selves.  Sufficient  space  was  available  beneath  the  wing  area  for  a  camera  to  be  incorporated  as 
compact  high-g  instruments  become  more  available,  but  was  not  included  in  the  prototype  design- 
The  module  farthest  to  the  rear  is  the  tail  module,  which  contains  the  controllable  tail  surfaces, 
servos,  and  flyer  guidance  and  control  electronics.  Each  module  is  made  of  aluminum,  a  strong 
yet  lightweight  material  that  has  proven  its  survivability  in  existing  projectiles  under  extreme 
launch  forces.  Through  analysis  and  testing,  the  modules  were  able  to  survive  launch  accelera¬ 
tions  of  15,000  g’s  and  more.  The  aft  modules  had  to  be  thicker  to  support  the  weight  of  each  for- 
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ward  module.  Modules  were  also  designed  to  be  machined  quickly  with  conventional  tools, 
helping  to  reduce  the  cost  of  the  final  design  iteration.  Modularity  also  allowed  concurrent  design 
and  development  processes  within  the  different  modules.  Detailed  discussion  of  the  module 
designs  and  integration  of  the  electronics  is  contained  in  Reference  [21]. 


Figure  3.6:  Fully  Deployed  High-G  Flyer,  With  Modules  and  Features  Labeled 
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3.3.3  Propulsion 


The  propulsion  system  consists  of  the  engine,  fuel  tank,  and  throttle  servo.  Remote  con¬ 
trol  aircraft  internal  combustion  engines  were  chosen  due  to  the  compact  weight,  high  power  per 
volume,  and  proven  functionality.  Initially  a  Wankel  engine  was  favored  over  a  two-stroke 
engine,  since  it  contains  less  moving  parts.  Testing  demonstrated  that  the  Wankel  structure  wus 
susceptible  to  breakage  at  key  locations,  and  the  design  progressed  with  the  two-stroke  engine. 
Electric  engines  were  also  considered  but  failed  during  testing.  Parts  did  fail  on  the  two.  stroke 
engine  but  this  could  be  prevented  by  sound  design  of  a  supporting  structure.  Fuel  for  the  engine 
is  contained  in  a  tank  at  the  top  of  the  wing  module  which  is  sealed  by  attachment  of  the  propul¬ 
sion  module  (see  Figures  3.6  and  3.7).  A  small  micro  servo  mounted  within  the  propulsion  mod¬ 
ule  controls  the  throttle. 

3.3.4  Wings 

The  wings  are  a  unique  solution  to  the  design  constraints  of  the  vehicle.  Due  to  the  lim¬ 
ited  space  available  for  the  wing  while  the  flyer  is  within  the  shell,  the  wing  combined  machining 
capabilities  and  wing  geometry  to  produce  an  unprecedented  concept.  Initial  concepts  such  as 
telescoping  wings  and  inflatable  wings  were  researched  extensively  by  the  team  members.  Tele¬ 
scoping  wings  would  involve  sliding  and  very  close  tolerances  between  wing  sections  which 
could  lead  to  jamming  and  would  need  an  active  deployment  mechanism.  The  projected  stiffness 
of  the  wings  was  analyzed  and  resulted  in  large  tip  deflections.  The  span  of  the  wing  remained  a 
function  of  the  shell  diameter,  since  each  telescoping  section  was  designed  to  fit  within  the  flyer 
diameter.  Research  and  analysis  of  the  inflatable  wings  tended  to  be  discouraging  in  terms  of  vol¬ 
ume  usage  and  performance.  Work  on  alternative  wing  arrangements  continued  as  the  initial  con¬ 
cepts  continued  to  encounter  problems. 

The  idea  of  using  folding  wings  led  to  the  current  design.  Initially  the  concept  had  many 
of  the  same  problems  with  size  limitations.  Placement  of  the  wing  along  the  flyer  center  axis 
solved  this  problem  by  limiting  the  chord  of  the  sections  but  not  the  length.  Section  length  would 
be  constrained  by  the  length  of  the  area  allowed  for  the  wings.  Therefore  the  span  length  became 
flexible,  and  could  be  adjusted  depending  on  the  amount  of  lift  required.  To  deploy,  the  wings 
rotate  around  a  pivot  joint  at  the  rear  of  the  first  section.  Folding  wing  sections  and  aerodynamic 
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Figure  3.7:  Folded  Wing  and  Wing  Module 


3.3.5  Flight  Support  and  Deployment  System 

The  flight  support  and  deployment  system  for  the  vehicle  consists  of  the  modified  illumi¬ 
nation  round  shell,  a  nose  cone,  the  clamp  attachments,  and  a  modified  shell  base  that  supports  the 
stabilizing  tail  fins  and  parachute  system.  A  three  dimensional  model  of  these  components 
including  the  stowed  assembly  of  the  flyer  (but  without  the  nose  cone)  is  shown  in  Figure  3.8 
below.  The  primary  purpose  of  the  flight  support  and  deployment  system  is  to  interface  with  the 
gun  environment,  support  the  flyer,  and  implement  the  deployment  sequence.  Since  the  opera¬ 
tions  are  performed  during  the  unguided  portion  of  the  flight,  the  overall  system  is  referred  to  as 
the  ballistic  system.  This  system  is  massive  compared  to  the  flyer  itself,  which  reduces  the  accel¬ 
eration  forces  experienced  at  launch  and  results  in  longer  ballistic  range,  as  mentioned  under  the 
design  guidelines  of  Section  2.2.1.  The  system  design  allows  the  flyer  to  be  as  light  as  possible 


for  its  mission.  Evolution  of  the  concepts,  detailed  design,  analysis  and  testing  are  covered  in  the 
Sections  4.0  and  5.0. 


Figure  3.8:  Model  of  Flight  Support  and  Deployment  System  with  Flyer  Assembled 


4.0  Flight  Support  System  Design 

Flight  support  refers  to  the  components  of  the  vehicle  that  perform  their  primary  functions 
during  the  launch  and  ballistic  flight  phase.  These  components  include  the  projectile  body,  its 
base,  and  the  nose  cone.  For  the  illumination  round,  the  flight  support  system  consisted  of  the 
projectile  body  with  obturator  bands  on  the  external  surface,  a  circular  plug  for  the  base,  and  a 
nose  fuse  containing  the  deployment  explosive.  Detailed  engineering  drawings  for  the  projectile 
body  and  base  plug  of  the  illumination  round  are  contained  in  Appendix  D.  Information  on  the 
complete  illumination  round  assembly  within  the  projectile  was  also  received  from  NSWC  Crane. 
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Projectile  bodies  for  the  illumination  round  are  cast  from  1050  steel  with  a  controlled  per¬ 
centage  of  manganese.  Base  plugs  are  press  fit  into  the  rear  of  the  body,  and  a  nose  fuse  is 
threaded  into  the  nose  cavity.  The  base  plugs  seal  the  illumination  round  within  the  projectile, 
support  the  system  during  launch  pressures  and  accelerations,  and  assist  the  deployment  of  the 
deceleration  parachute  when  ejected.  WASP  required  the  base  to  support  more  components  and 
contain  greater  functionality.  A  new  base  design  was  necessary  to  incorporate  the  gun  interface, 
stabilizing  tail  fins,  deployment  mechanisms,  and  parachute  systems. 

4.1  Guidelines 

As  the  specific  functions  of  the  flight  support  system  became  apparent,  the  design  process 
incorporated  external  interfaces  with  standard  five  inch  guns  and  internal  interfaces  with  the  flyer, 
parachute  system,  and  tail  fins.  As  designs  of  the  other  components  progressed,  the  concept  was 
altered  to  accommodate  the  requirements  of  the  mission. 

4.1.1  Gun  Interface 

The  base  is  the  rear  most  structural  support  component  of  the  vehicle  structure  when  con¬ 
figured  for  launch.  It  is  exposed  directly  to  the  pressures  and  combustion  flames  from  the  launch 
propellant.  Pressures  act  on  every  surface  aft  of  the  obturator  band  and  accelerate  the  entire 
assembly  to  ballistic  flight  speeds  approaching  Mach  2.  The  base  must  be  designed  to  withstand 
these  pressures  and  support  the  weight  of  both  the  flyer  within  the  projectile  body  and  the  body 
itself 

Initially  it  was  assumed  that  the  obturator  positions  would  remain  at  the  same  locations  as 
the  illumination  round,  which  uses  two  bands  towards  the  aft  end  of  the  projectile  body.  The  two 
obturator  bands  would  be  replaced  with  slip  obturators.  Since  no  slip  obturators  had  been  used  on 
illumination  rounds,  this  would  have  become  another  design  hurdle  requiring  tests  to  ensure  suc¬ 
cessful  operation.  During  consultation  with  engineers  and  designers,  it  was  learned  that  the  tail 
fin  assembly  used  an  obturator  at  a  different  position  for  a  projectile  of  similar  dimensions.  This 
information  made  it  possible  to  incorporate  an  existing  slip  obturator  into  the  base  design. 
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4.1.2  Shell  Interface 


The  dimensions  of  the  illumination  round  projectile  body  (referred  to  as  the  shell)  set  the 
geometric  limits  for  the  dimensions  of  the  flyer.  With  the  detailed  dimensions  of  the  shell  known, 
both  the  flyer  and  shell  were  modified  to  provide  sufficient  volume  for  the  flyer  and  the  necessary 
structural  support. 

The  fleet-issue  shell  has  material  in  the  nose  that  reduces  the  volume  available  for  the  for¬ 
ward  end  of  the  flyer.  Design  of  the  flyer  around  this  material  would  also  have  severely  affected 
aerodynamic  performance.  Configuration  of  the  flyer  required  more  volume  than  was  available. 
Modification  of  the  internal  area  of  the  shell  would  increase  the  volume  and  improve  the  flyer’s 
shape  but  could  compromise  structural  integrity. 

The  base  plug  of  the  illumination  round  required  only  a  tightly  controlled,  smooth  inner 
step  on  the  aft  end  to  support  the  press  fit.  A  base  that  incorporates  more  functions  than  the  cur¬ 
rent  base  plug  could  require  a  more  complicated  method  of  attachment.  The  deployment  method 
would  also  have  to  be  altered  to  avoid  locating  the  explosive  in  the  nose.  Explosive  placement 
could  also  affect  the  interface  between  the  base  and  the  projectile  body. 

4.1.3  System  Stability 

The  current  illumination  round  is  spin-stabilized  during  its  ballistic  flight  until  the  RAID 
chute  is  deployed.  Early  in  the  development  of  the  flyer  concept,  it  was  determined  that  spin  sta¬ 
bilization  would  be  very  difficult  due  to  the  moment  of  inertia  constraints  that  would  determine 
how  the  interior  components  were  arranged.  Electronic  components  are  also  affected.  For  exam¬ 
ple,  oscillating  crystals  in  the  GPS  timer  components  exhibit  sensitivity  to  spinning  at  high  rates 
for  longer  than  several  seconds.  The  only  alternative  to  spin  stabilization  is  to  use  fins  to  stabilize 
the  projectile.  The  fins  cause  pitching  moments  around  the  center  of  gravity  that  maintain  projec¬ 
tile  stability  under  side  forces  such  as  changes  in  air  flow  surface  pressure.  Fins  effectively  move 
the  center  of  pressure  to  a  point  behind  the  center-of-gravity  (c.g.).  The  aerodynamic  properties 
of  the  fins  must  be  sufficient  to  move  this  center  of  pressure  behind  the  c.g.,  and  by  design  of  the 
flyer  and  base,  the  c.g.  is  as  far  forward  as  possible.  Support  for  a  fin  stabilization  system  would 
have  to  be  incorporated  into  the  design  of  the  back  end  or  added  to  a  modified  shell. 
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4.1.4  Flyer  Attachment 


Due  to  the  parallel  walls  of  the  body  the  flyer  rests  completely  on  the  base.  The  base  must 
support  the  accelerated  weight  of  the  entire  flyer  during  launch  and  keep  the  entire  system 
enclosed  and  firmly  attached  to  the  shell.  Forward  sections  of  the  shell  are  also  likely  to  absorb 
the  force  of  the  flyer  within  the  shell  during  rebound.  Upon  deployment,  the  base  and  shell 
attachment  must  be  released  to  extract  the  flyer.  In  the  final  operational  sequence,  the  parachute 
system  assists  flyer  extraction  by  providing  a  reverse  force  on  the  base  and  flyer  assembly  (see 
Figure  3.2),  pulling  the  assembly  out  of  the  shell  as  the  shell’s  momentum  carries  it  forward  and 
away.  Following  complete  flyer  extraction,  the  base/flyer  assembly  continues  to  decelerate 
together  to  a  safe  flight  speed  and  wing  deployment  dynamic  pressure. 

During  deceleration,  the  control  surfaces  deploy  and  the  engine  starts  using  passive  spring 
mechanisms  pre-loaded  before  assembly.  Air  flow  over  the  control  surfaces  and  thrust  from  the 
engine  provide  stability  and  control.  At  this  point  the  base  separates  from  the  flyer  and  the  para¬ 
chute  and  base  decelerate  further  as  the  flyer  begins  its  mission.  Attachments  between  the  base 
and  flyer  must  provide  strength  during  launch,  ballistic  flight,  and  deployment  but  separate 
cleanly  at  the  correct  points  in  the  deployment  sequence.  Large  forces  between  the  base  and  flyer 
must  be  supported  adequately  until  a  clean  separation  allows  the  flyer  to  perform  its  mission. 

4.1.5  Parachute  System  Integration 

As  noted  above,  the  base  separation  from  the  shell  and  flyer  extraction  are  closely  linked 
to  the  parachute  system  operation.  The  ballistic  system  must  contain  and  support  the  operation  of 
the  parachute  system.  Base  design  includes  a  cavity  within  the  structure  to  contain  the  parachute 
components. 

4.2  Concept  Development 

The  concepts  developed  for  the  flight  support  system  attempted  to  use  designs  similar  to 
existing  systems.  Design  of  the  system  is  tightly  linked  to  the  method  of  separation  and  function¬ 
ality  the  base  is  required  to  support.  Guidelines  were  used  to  develop  and  refine  the  concepts  as 
the  design  progressed. 
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4.2.1  Concept  Generation 


The  concepts  discussed  here  focus  on  the  incorporation  of  the  explosive  separation  mech¬ 
anism  between  the  base  and  the  shell.  A  separate  concern  for  how  to  integrate  the  fin  system  into 
the  constrained  area  of  the  base  is  discussed  in  Section  5.1.  Initial  efforts  were  made  to  keep  the 
overall  system  length  the  same  as  a  standard  Mark  64  or  Mark  48  illumination  round,  since  it  was 
believed  that  this  would  improve  the  gun  interface  and  auto-loading  mechanism.  The  difficulty  of 
integrating  an  effective  fin  stabilization  and  separation  mechanism  with  enough  material  to  sup¬ 
port  the  vehicle  became  extremely  difficult  under  this  constraint,  and  many  examples  of  current 
projectiles  of  varying  length  were  found.  As  the  size  and  complexity  of  the  designed  systems 
became  apparent,  the  constraint  on  the  length  was  relaxed.  This  allowed  more  volume  for  the 
flyer,  freedom  to  extend  the  length  of  the  vehicle  if  necessary,  and  improved  the  quality  of  concept 
generation. 

The  first  alternative  concept  used  the  same  base  and  shell  attachment  with  the  charge 
located  at  the  rear  of  the  shell  instead  of  the  nose.  Placing  a  charge  in  the  forward  end  of  the  shell 
was  risky,  since  the  combustion  gases  and  pressure  generated  must  travel  over  and  around  the 
components  on  the  surface  of  the  flyer,  including  the  propeller,  engine,  wings,  tails,  and  camera. 
Simply  locating  a  similar  size  charge  at  the  rear,  for  example  around  the  circumference  of  the 
inside  shell  wall,  would  produce  the  necessary  pressures  and  force  to  eject  the  back  end  success¬ 
fully.  This  would  still  affect  the  flyer  surfaces  and  place  the  charge  near  the  folded  parachute. 
Attachment  by  either  of  the  current  methods,  threaded  or  interference,  was  possible. 

To  avoid  applying  direct  pressure  to  the  flyer  and  risking  the  parachute,  a  later  iteration 
proposed  to  put  the  explosive  charge  within  the  base  structure  itself.  Channels  cut  into  the  base 
would  allow  the  gas  pressure  to  impinge  directly  on  the  attachment  between  the  shell  and  the 
base.  This  would  partially  protect  the  flyer  from  the  pressures  and  combustion  gases  and  still  pro¬ 
vide  the  necessary  ejection  force.  The  charge  would  also  not  have  to  be  located  between  the  base 
and  flyer,  a  vital  support  area  for  the  flyer  structure. 

Another  option  was  to  avoid  exposed  explosive  charges  to  generate  pressure  and  use  a 
more  controlled  method  of  separation.  Explosive  bolts  were  proposed  as  the  attachment  mecha¬ 
nism.  The  bolts  would  secure  the  base  to  the  shell  during  launch  and  ballistic  flight.  When  acti¬ 
vated,  explosives  within  the  bolt  would  fire,  causing  the  bolt  to  shear  and  release  the  force  holding 
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the  shell  to  the  base.  An  ejection  force  would  still  be  necessary  to  reliably  separate  the  base  and 
flyer  and  assist  in  parachute  deployment. 

Many  other  concepts  were  also  considered.  Due  to  the  uncertainty  encountered  with  press 
fits,  and  difficulty  of  disassembly,  a  pinned  attachment  system  was  also  examined.  Pins  inserted 
between  the  base  and  the  shell  would  support  the  base  under  axial  forces.  They  could  be  designed 
to  shear  at  a  specific  pressure  or  force.  Mechanical  designs  that  would  eject  or  retract  the  pins 
were  examined  in  detail  with  analysis  determining  the  number  of  pins  necessary  to  hold  the  base 
and  the  geometrical  constraints. 

Initial  configurations  placed  the  parachute  system  within  the  shell,  between  the  base  and 
the  flyer.  The  parachute  components  were  contained  in  a  “cup”  formed  by  the  back  end  structure. 
This  arrangement  reduced  flyer  support  and  led  to  difficulties  integrating  the  attachment  and  sepa¬ 
ration  mechanisms.  In  the  deployment  sequence  for  this  configuration,  the  base  and  fins  were 
separated  first  and  assisted  in  the  chute  deployment  (Figure  4. 1).  Analysis  demonstrated  that  after 
base  separation  the  lack  of  tail  fins  would  cause  the  parachute,  flyer,  and  shell  to  respond  to  flow 
instability  and  tumble  within  two  tenths  of  a  seeond.  This  time  was  too  short  to  assume  full  para¬ 
chute  inflation  and  stabilization.  A  proposal  to  change  the  configuration  by  placing  the  parachute 
within  the  aft  end  of  the  base,  and  deploying  it  behind  the  base  instead  of  the  flyer,  was  suggested 
to  solve  the  stability  problem  [23]. 
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Figure  4.1:  Initial  Operational  Sequence  Showing  Area  of  Possible  Instability 


The  base  would  support  the  parachute  system  within  its  structure,  and  a  separate  cover 
would  be  necessary  to  protect  the  parachute  during  launch.  Deployment  of  the  parachute  behind 
the  base  would  extract  and  decelerate  the  base  and  flyer  assembly  together.  With  this  arrangement 
the  fins  provide  system  stability  until  the  flyer  is  decelerated  and  able  to  stabilize  itself.  Benefits 
of  this  configuration  soon  became  obvious.  The  fins  maintain  system  stability  during  the  dynamic 
events  of  parachute  deployment  and  flyer  extraction.  Removing  the  need  for  a  parachute  cavity 
between  the  base  and  flyer  frees  more  volume  and  provides  better  structural  support  for  the  flyer. 
A  smaller  parachute  cover  forcefully  ejected  could  provide  the  parachute  deployment  assistance 
previously  provided  by  the  base.  And  the  parachute  would  not  be  close  to  any  separation  explo¬ 
sives. 

Upon  consultation  with  faculty  [24]  it  became  obvious  that  what  the  team  considered  a 
unique  separation  problem  was  similar  to  problems  encountered  in  designs  of  payload  delivery 
vehicles:  the  challenge  of  attaching  a  payload  and  vehicle  together  to  resist  forces  encountered 
during  flight  and  then  deploying  the  payload  successfully  when  commanded.  Previous  concepts 
beyond  those  for  illumination  rounds  were  researched,  encompassing  satellites,  aircraft,  and  mis- 
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siles.  One  common  mechanism  for  attaching  satellites  to  launch  vehicles  is  the  Marmon  clamp, 
which  is  a  band  of  material  around  the  circumference  of  a  circular  payload/  vehicle  connection. 
The  material  supports  a  strong,  tight  band  pressure  around  the  entire  circumference  but  can  be 
broken  at  one  point.  This  point  is  designed  to  be  sheared  or  failed  with  a  highly  concentrated 
explosive,  which  releases  the  entire  attachment  force.  This  allows  the  clamp  to  provide  a  large 
area  of  clamping  force  that  can  be  released  with  a  relatively  small  activation  requiring  little  power. 
Use  of  circumferential  attachment  on  the  shell  would  be  possible  if  the  diameter  at  all  points  is 
less  than  five  inches.  A  concept  based  on  the  Marmon  Clamp  idea  was  developed  that  used 
grooves  within  the  base  and  shell  to  clamp  the  two  components  together. 


4.2.2  Concept  Evaluation 

The  risk  of  damaging  the  stowed  flyer  drove  concept  evaluation.  Initial  concepts  used 
fuse-activated  explosives  placed  within  the  shell  to  separate  the  baek  end.  Activation  of  the  fuse 
ignites  the  explosive,  and  the  pressures  build  over  a  finite  amount  of  time.  It  had  been  learned  in 
tests  conducted  by  the  Navy  that  fast  explosives  did  not  generate  the  necessary  sustained  pressure 
to  separate  either  the  press  fit  or  threaded  attachment.  The  explosive  used  had  to  generate  a  pres¬ 
sure  between  eight  and  fourteen  thousand  pounds  per  square  inch  depending  on  the  speed  of  pres¬ 
sure  build-up  [14].  These  pressures  could  damage  parts  of  the  operational  flyer  such  as  the  engine 
or  the  camera  lenses.  Designs  containing  an  explosive  that  could  affect  the  flyer  were  risky  to  the 
success  of  the  entire  mission.  Research  into  explosives  and  alternative  separation  methods 
focused  on  finding  a  way  to  avoid  affecting  the  flyer. 

Research  into  commercially  available  explosives  assisted  in  determining  the  separation 
concept  most  likely  to  suceeed.  While  investigating  the  base  separation  schemes,  contacts  were 
made  with  companies  specializing  in  explosive  devices  who  sent  information  and  data  on  the 
types  of  devices  available.  Information  applicable  to  the  WASP  is  contained  in  Appendix  E.  This 
information  was  used  to  choose  an  existing  explosive  bolt  design  to  connect  the  flyer  and  base. 

By  using  an  explosive  bolt  currently  in  production  the  bolts  were  acquired  at  low  cost  and  set  up  a 
good  contact  with  the  manufacturer.  Special  Devices,  Incorporated  (SDI)  [25]. 
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The  first  concept  had  the  explosive  in  the  back  end  with  a  barrier  placed  between  the 
explosive  and  the  flyer  to  protect  the  flyer  components.  However,  an  effective  barrier  proved  dif¬ 
ficult  to  integrate  into  the  available  volume  and  could  not  be  proven  to  protect  the  flyer.  The  gen¬ 
eration  of  pressure  requires  a  volume  within  which  it  must  be  constrained,  with  only  the  option  of 
breaking  the  back  end  attachment  to  be  released.  Therefore  any  barrier  would  need  to  resist  the 
pressure  more  effectively  than  the  back  end  attachment,  and  be  removed  or  avoided  when  the  flyer 
is  extracted.  This  would  require  more  volume  than  was  available  and  further  alterations  to  the 
shell. 

Putting  the  explosive  in  the  back  end  structure  encountered  the  same  problem.  Although 
the  explosive  itself  would  be  housed  in  the  base,  the  gases  and  pressure  generated  would  expand 
into  the  shell  and  act  on  the  flyer.  Therefore  the  design  was  considered  to  be  as  problematic  as  the 
first,  and  was  not  pursued  in  detail. 

The  use  of  explosive  bolts  was  researched  extensively  for  the  base  and  shell  attachment  as 
well  due  to  their  ability  to  handle  high  loads  and  release  when  fired.  The  geometry  of  the  shell 
and  the  available  material,  however,  made  this  a  weak  approach.  Assuming  the  weight  of  the  flyer 
was  resting  entirely  on  the  base,  as  it  would  be  for  a  completely  inertial  acceleration,  the  force  the 
base  must  withstand  would  be  given  by  simple  physics  (F=ma).  With  an  estimated  flyer  weight  of 
23  pounds,  and  an  acceleration  of  12000  g’s,  this  results  in  254,000  pound-force.  Assuming  the 
maximum  possible  tensile  strength  bolt,  with  10  threads  per  inch  and  diameter  0.375  inches,  the 
base  would  need  15  axial  bolts  to  contain  the  base  to  the  shell.  Analysis  for  a  flat  base  demon¬ 
strated  that  significant  shear  forces  would  also  act  on  the  bolts.  Addition  of  a  lip  of  material 
extending  from  the  base  into  the  shell  would  use  the  shell  circumference  to  support  shear  forces 
on  the  base.  The  lip  would  reduce  the  available  volume  and  move  the  flyer  interface  location  far¬ 
ther  to  the  front  of  the  shell,  limiting  the  length  of  the  flyer  body. 

In  this  arrangement  the  bolt  heads  would  be  outside  the  shell  and  facing  the  aft  end-  Bolt 
assembly  would  require  material  removal  from  the  base  sides  to  fit  tools  that  could  tighten  the 
bolts  effectively,  or  the  bolts  would  have  to  be  long  enough  to  be  inserted  from  the  very  aft  end  of 
the  base.  Explosive  bolt  activation  wires  enter  the  bolt  through  the  head,  making  electrical  con¬ 
nection  difficult  after  assembly  of  the  vehicle.  A  connection  would  have  to  be  made  at  some  point 
on  the  outside  of  the  shell  and  be  subject  to  the  gun  environment.  A  possible  configuration  that 
would  encounter  many  of  these  same  problems  is  shown  below  in  Figure  4.2. 
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Cutout  for 
Explosive  Bolt 


Figure  4.2:  Geometry  of  Base  for  Explosive  Bolt  Attachment 


Loading  either  explosive  bolts  or  pins  in  shear,  not  tension,  would  allow  the  bolts  or  pins 
to  be  inserted  radially.  Shear  areas  for  bolts  is  given  by: 


A  shear  area  of  24.38  inches  squared  would  require  six  0.75  inch  diameter  bolts,  which  was  diffi¬ 
cult  to  incorporate  into  the  structure.  It  was  considered  risky  that  pieces  of  the  pin  or  explosive 
bolt,  if  inserted  radially,  could  interfere  with  extraction  of  the  flyer.  As  with  either  longitudinal  or 
radial  arrangement,  a  separate  ejection  force  would  have  to  be  applied  to  the  base  itself  to  clear  it 
from  the  shell  and  assist  with  parachute  deployment.  Despite  these  problems,  this  method  was 
initially  seen  as  the  most  likely  to  work  and  easiest  to  incorporate. 

After  development  of  the  clamp  arrangement,  many  of  the  problems  with  the  other  con¬ 
cepts  were  solved.  The  clamp  arrangement  allowed  the  load  path  to  be  maintained  through  the 
base  into  the  shell  for  the  forward  acceleration.  During  rebound,  the  clamp  material  within  the 
grooves  of  the  shell  and  base  would  support  the  tensile  forces.  Although  the  material  does  not 
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allow  for  large  bolts,  the  load  path  does  not  pass  directly  through  the  bolts  themselves.  This 
design  addressed  many  of  the  problems  that  surfaced  during  development  of  the  initial  concepts. 
This  led  to  concepts  using  ideas  similar  to  the  Marmon  clamp  attachment  mechanism. 

4.2.3  Concept  Selection 

As  concept  generation  and  evaluation  progressed  the  concepts  were  reviewed  by  faculty 
and  team  members.  The  research  into  each  separation  scheme  and  the  problems  associated  with 
many  of  the  first  iterations  led  to  the  selection  of  the  clamped  system.  This  system  solved  the 
problem  of  interfering  with  the  flyer,  allowed  a  more  complete  structural  load  path  for  accelera¬ 
tion  and  rebound,  was  easier  to  assemble  and  disassemble,  and  involved  a  simple  geometry.  Any 
explosive  separation  mechanism  would  be  isolated  from  both  the  flyer  and  the  parachute. 
Detailed  clamp  system  design  is  reviewed  in  Section  5.3. 

4.3  Detailed  Design 

4.3.1  Overview 

Flight  support  system  design  was  updated  repeatedly  to  accommodate  support  of  the  vari¬ 
ous  components  and  structures  necessary  to  the  system.  Part  machining  is  possible  on  the 
machine  tools  of  well-equipped  machine  shops.  An  assembly  showing  the  design  of  the  flight 
support  system  is  shown  in  Figure  4.3  below.  Engineering  drawings  of  the  shell,  base,  and  the 
support  structures  for  the  fins  and  obturator  are  included  in  Appendix  F. 
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Nosecone 


Figure  4.3:  Assembly  and  Cross  Section  of  the  Flight  Support  System  Components 
4.3.2  Nosecone 

Design  of  the  nosecone  for  the  vehicle  is  simple  since  it  exists  solely  for  interface  with  the 
gun  handling  processes  and  aerodynamic  flight  of  the  ballistic  system.  Currently  the  nosecone  is 
made  of  hardened  1050  steel  and  follows  the  contours  of  a  standard  cargo  round  fuse.  Material 
could  be  removed  or  added  to  the  nosecone  to  assist  placement  of  the  center  of  gravity  with 
respect  to  the  center  of  pressure.  If  testing  showed  that  flyer  deployment  was  unreliable,  a  mech¬ 
anism  to  assist  the  flyer  exiting  the  shell  could  be  placed  within  the  volume  of  the  nosecone.  An 
interface  that  connected  the  gun  mount  control  to  the  flyer,  that  would  be  active  with  the  flyer 
inserted,  could  also  be  designed  into  the  system  if  this  proved  valuable. 


4.3.3  Shell  Modifications 

Calculations  performed  while  evaluating  the  vehicle  concepts  demonstrated  that  buckling, 
the  most  likely  mode  of  failure  for  a  thin  walled  projectile,  would  not  be  likely  to  occur  at  the  cur¬ 
rent  launch  accelerations  [28]  after  removal  of  a  significant  amount  of  material.  Removal  of 
material  at  the  nose  of  the  current  illumination  round  should  not  jeopardize  the  structural  integrity 
of  the  projectile  body.  The  illumination  round  body  had  two  steps  in  the  cross-section  contour 
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that  formed  concentric  cylinders  within  the  shell  nose.  These  steps  were  removed  by  cutting  a 
cone  shape  roughly  following  the  outside  contour  up  to  the  fuse  cavity.  The  team  attempted  to 
maintain  a  minimum  material  thickness  of  a  half  inch  in  the  nose  while  removing  material  for  the 
flyer  propulsion  module.  The  material  removal  allowed  the  module  shape  to  be  a  smooth  cone, 
resulting  in  a  more  aerodynamic  profile  for  tfio  flyer.  A  step  in  the  shell  was  left  to  provide  struc¬ 
tural  support  during  rebound.  Analysis  of  the  propulsion  module  demonstrated  that  it  could  sup¬ 
port  the  rebound  force  of  the  flyer  along  only  the  step,  in  case  the  sloped  area  did  not  provide 
structural  support  [21].  The  step  also  prevented  jamming  of  the  sloped  propulsion  module  into 
the  shell  nose. 

The  clamp  attachment  provided  a  simple  way  to  securely  attach  the  base  and  shell.  The 
shell  required  modification  to  its  aft  end  for  attachment  of  the  clamps.  In  order  to  support  the 
weight  of  the  flyer  and  shell  on  the  base,  the  shell  rear  was  flattened  where  it  interfaced  with  the 
base  by  removing  the  lip  of  material  that  extended  beyond  the  step  at  the  rear  of  the  body.  For  the 
clamp,  lack  of  material  was  a  major  constraint.  A  design  was  developed  around  the  clamp  con¬ 
cept  (discussed  in  Section  5.3)  that  required  only  a  groove  in  the  outside  of  the  shell.  Material  bad 
to  be  cut  from  the  outer  diameter,  to  provide  a  groove  for  the  clamp  and  then  a  space  for  tbe  clamp 
thickness  to  pass  around  the  outer  diameter.  The  length  of  material  removed  was  limited  by  the 
position  of  the  current  obturators  since  at  these  locations  the  body  thickness  is  reduced.  Figure 
4.4  is  a  detailed  view  of  the  modifications  as  seen  in  the  body  cross  section. 


Groove  cut  into  base 

////////  /  V // 2L 


Step  for  propulsion  module.-^ 


Parallel  cut  extension 


/////////./  /zz. 

Current  Obturator  Positions 


Figure  4.4:  Cross  Section  of  Projectile  Body  With  Modifications 
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4.3.4  Base  Design 


Towards  the  later  stages  of  the  base  design  it  was  learned  that  the  obturator  position  could 
be  incorporated  into  the  base  structure  with  less  risk  than  altering  the  current  illumination  round 
obturator.  Existing  slip  obturators  for  a  different  five  inch  projectile  were  provided  by  the  engi¬ 
neers  at  the  Dahlgren  Test  Facility.  Figure  4.5  shows  the  sloped  cutout  around  the  exterior  of  the 
base  that  supports  the  obturator.  It  is  adapted  straight  from  the  engineering  drawings  of  the  pro¬ 
jectile  assembly  currently  using  the  identical  design.  The  obturator  is  a  solid  nylon  band  designed 
to  have  a  tight  fit  with  the  support  structure.  A  tight  clearance  ensures  that  the  obturator  com¬ 
pletely  seals  the  gun  breach  while  pressure  builds  and  prevents  blow-by  of  the  launch  gases.  Spe¬ 
cial  assembly  issues  are  discussed  in  Section  6.3.  The  recessed  groove  prevents  the  movement  of 
the  obturator  during  the  launch  process.  As  the  pressures  of  the  gun  barrel  build,  the  obturator  is 
pushed  up  the  sloped  groove  to  form  an  even  tighter  fit  with  the  gun  barrel.  Sloping  the  groove 
allows  for  a  more  effective  seal  to  form  between  the  barrel  and  the  projectile. 
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With  the  flexibility  to  extend  the  shell’s  length  a  few  inches,  the  design  of  the  base  left 
ample  volume  and  material  to  incorporate  the  chosen  fin  configuration.  The  fin  design  required 
six  fin  axes  to  pass  through  the  circumference  of  the  base  and  half  inch  slots  extended  from  the 
outer  diameter  inward  1.5  inches,  and  1.25  inches  deep  to  support  each  fin.  Various  other  holes 
are  incorporated  in  and  around  the  fin  support  structure  to  reduce  weight  and  support  the  fin  sys¬ 
tem  components.  These  features  were  all  incorporated  into  the  area  behind  the  large  groove  in  the 
base.  The  fin  area  can  be  clearly  seen  on  the  following  view  of  the  base  (Figure  4.6). 


Figure  4.6:  Model  View  of  Fin  Attachment  Area 


The  original  structure  of  the  fin  hinge  plate  has  a  cut-out  cylinder  beneath  the  fins.  The 
cavity  was  a  benefit  to  the  vehicle  design  since  it  allowed  easy  integration  of  a  parachute  eavity. 
Fin  deployment  left  ample  space  in  which  to  deploy  and  inflate  a  parachute  behind  the  projectile. 
The  parachute  cavity  allows  access  to  the  flyer  attachment  and  parachute  plate  which  attaches  the 
parachute  to  the  base  and  flyer  assembly.  Folded  and  inserted  over  the  plate  is  the  parachute 
which  is  covered  by  the  chute  cavity  cover.  A  ten  cubic  inch  cavity  was  needed  to  fit  the  folded 
parachute.  Due  to  the  limitations  of  the  fin  attachments  at  the  rear,  the  maximum  diameter  was 
1.84  inches.  This  design  limit  forced  the  parachute  cavity  to  measure  4.26  inches  in  length  and 
became  the  biggest  factor  in  lengthening  the  base  beyond  standard  shell  length. 
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The  flyer  attaches  to  the  base  with  an  explosive  bolt  that  protrudes  from  the  tail  module 
and  into  the  parachute  cavity.  A  nut  is  screwed  down  over  the  explosive  bolt  and  tightened  prior 
to  parachute  insertion.  This  bolt  will  support  the  inflation  and  deceleration  force  between  the 
flyer  and  the  base/parachute  assembly.  This  half  inch  steel  explosive  bolt  is  manufactured  by  Spe¬ 
cial  Devices,  Incorporated  (SDI).  Due  to  schedule  limitations  for  development,  the  team  chose  to 
use  a  bolt  that  SDI  was  currently  manufacturing.  After  assembly  the  nut  is  designed  to  lie  flat 
with  the  remaining  diameter  of  the  cavity.  These  details  can  be  seen  in  the  cross-section  view  of 
the  base  in  Figure  4.5. 

A  parachute  plate  attaches  to  the  forward  end  of  the  cavity  with  two  screws  into  the 
remaining  diameter  material.  These  screws  secure  the  parachute  plate  to  the  base  and  transmit 
deployment,  inflation,  extraction,  and  deceleration  loads.  A  swivel  connects  the  parachute  to  the 
parachute  plate  and  allows  rotation  of  the  parachute  independent  of  the  base  and  flyer  system. 

The  remainder  of  the  cavity  contains  the  volume  of  the  folded  parachute  and  is  sealed  by  the  para¬ 
chute  cover.  Detailed  design  of  the  parachute  cover  is  discussed  in  Section  5.4. 

Complete  integration  of  the  base  components  developed  by  outside  manufacturers  would 
be  likely  to  necessitate  small  changes  such  as  channels  for  electrical  connections  and  threaded 
holes  not  shown  in  the  drawings.  None  of  these  changes  would  affect  the  overall  design  and 
arrangement  of  the  base. 

4.4  Flight  Support  System  Assembly  and  Evaluation 

4.4.1  Manufacturing 

Manufacture  of  the  complete  base  is  complicated  due  to  the  fact  that  it  contains  different 
components,  each  with  specific  tolerances.  The  fins  support  structure  requires  lathe  and  mill 
operations  with  tight  tolerances  (attached  in  Appendix  F).  A  complete  base  was  not  needed  for 
testing  therefore  only  an  estimate  for  the  manufacturing  time  can  be  made.  A  majority  of  the 
operations  other  than  the  fin  support  can  be  completed  on  a  lathe.  The  most  difficult  parts  were 
the  holes  for  the  fin  axis  supports.  The  fins  rotate  on  the  axle  bolts  placed  through  theses  holes  to 
deploy.  These  holes  would  have  to  be  drilled  from  the  side  at  a  shallow  angle  to  the  curved  edge 
of  the  base,  crisscross  one  another  repeatedly,  and  involve  exact  dimensions  and  lengths  to  fit  the 
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bolts  for  the  fins.  Two  simplified  test  articles  were  made,  neither  of  which  contained  the  fin  sup¬ 
port  structure.  MIT’s  Central  Machine  Shop  and  the  machine  shop  at  Draper  Laboratories  pro¬ 
vided  the  experience,  manpower,  and  tools  and  produced  excellent  test  articles. 

The  shell  modifications  also  involved  lathe  operations,  but  due  to  shell  length  it  was  sent 
to  an  outside  contractor  [26]  for  machining.  The  shop  had  no  trouble  modifying  the  shell  to  the 
specified  dimensions.  The  most  complex  shell  operation  involved  cutting  the  interior  of  the  shell 
nose  to  increase  the  available  volume.  To  reach  the  material  a  tool  would  have  to  fit  through  the 
small  opening  in  the  nose  or  reach  longer  than  a  foot  through  the  larger  opening  at  the  rear.  The 
parallel  cut  extension,  as  shown  above  in  Figure  4.4,  must  maintain  a  straight  parallel  wall  so  that 
the  flyer  can  be  easily  extracted.  The  steps  of  material  at  the  nose  had  to  be  reduced  to  a  slope  that 
would  match  the  propulsion  module  conic  section.  Slope  angle  was  difficult  to  measure  due  to  the 
blind  cutting,  and  was  specified  as  a  reference  dimension.  If  the  assembly  required  changes,  it 
would  be  a  much  simpler  process  to  modify  the  propulsion  module.  The  length  from  the  flat  end 
of  the  shell  to  the  machined  interior  step  had  close  tolerances  to  match  the  flyer  length.  The  rear 
modifications  to  the  shell  involved  simple  lathe  operations  to  remove  material  from  the  step  and 
outside  diameter.  Minor  modifications  were  still  necessary  during  assembly  to  fit  the  length  of  the 
flyer  within  the  shell  and  have  the  base  sit  flush  to  the  shell.  The  initial  cut  left  a  small  lip  of  mate¬ 
rial  around  the  outside  base,  but  this  was  able  to  be  corrected  in  the  Mechanical  Engineering 
machine  shop  in  35-001  [27]. 

4.4.2  Time 

The  time  required  for  each  part  could  be  reduced  if  the  parts  were  produced  in  larger  quan¬ 
tities.  Table  4.1  shows  the  machining  and  setup  time  required  for  each  part  as  well  as  the  esti¬ 
mated  time  that  would  be  spent  in  mass  production. 


Table  4.1:  Machining  Hours  for  Flight  Support  System  Components 


Component 

Nosecone 

Hours  for  First  Design 

8 

Projected  Hours  for 
Production  Run 

2 

Projectile  Body 

12 

4 

Support  Base 

28 

12 

Total 

48 

18 
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4.4.3  Finite  Element  Analysis 


Analysis  of  the  concepts  and  determination  of  the  necessary  geometry  was  done  with  the 
assistance  of  the  COSMOS  Fast  Finite  Element  Solver  and  the  CAD  design  software  Pro  Engi¬ 
neer.  The  Pro  Engineer  models  were  useful  in  visualizing  design  changes  and  were  easy  to 
update,  allowing  for  quick  and  efficient  evaluation  of  various  designs.  The  analysis  was  per¬ 
formed  with  safety  margins  25-  50%  above  the  actual  g-level,  and  boundary  conditions  were  var¬ 
ied  due  to  the  lack  of  exact  characterization  of  the  environment. 

Greg  Kirkos  of  Draper  Laboratories  [28]  analyzed  the  initial  models  of  the  Mark  64  pro¬ 
jectile.  His  experience  with  the  structural  analysis  of  the  ATD  program  allowed  the  WASP  team 
members  to  benefit  from  verified  analysis  processes  and  the  boundary  conditions  used  in  this 
loading  environment.  The  boundary  conditions  consisted  of  an  acceleration  of  15,000  g’s,  pres¬ 
sure  on  the  back  end,  a  weight  in  the  interior  modeling  the  flyer,  and  Vcirying  shear  forces  from 
flyer  weight.  Explosive  bolt  concept  analysis  demonstrated  the  need  for  material  within  the  shell 
to  handle  shear  forces  on  the  base.  Simple  shear  calculations  were  also  used  to  quickly  analyze 
the  bolt  and  pin  concepts.  The  clamp  concept  was  analyzed  extensively  and  involved  mostly  the 
clamps  and  shell  grooves.  Clamp  analysis  results  are  discussed  in  Section  5.3.3. 

To  model  the  forces  on  the  shell  groove,  a  model  of  the  shell  from  just  forward  of  the 
groove  to  the  rear  face  was  made.  A  pressure  equal  to  the  weight  of  the  entire  shell  body  acceler¬ 
ated  at  15,000  g’s  was  applied  to  the  cut  plane  where  the  shell  weight  is  acting.  A  pressure  repre¬ 
senting  the  forward  acceleration  on  the  base  plane  by  the  base  was  applied  to  the  bottom  plane. 
The  groove  showed  signs  of  failing  with  no  material  within  the  groove.  A  deformation  limit  rep¬ 
resenting  the  clearance  of  the  clamp  material  within  the  groove  was  applied  to  the  shell  to  simu¬ 
late  the  presence  of  the  clamp,  and  rounds  were  added  at  the  corners  to  avoid  singularities  and 
stress  concentrations.  Results  of  the  stress  analysis  for  these  conditions  are  shown  below  in  Fig¬ 
ure  4.7. 
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Figure  4.7:  Finite  Element  Analysis  of  Shell  Modifications 
4.4.4  Flight  Support  Component  Testing 

The  components  that  make  up  the  flight  support  system  should  perform  as  designed  due  to 
the  use  of  the  shell  and  fins  in  existing  systems.  The  various  systems  the  base  supports  involve 
separate  tests  discussed  later,  but  based  on  the  design  of  the  fin  hinge  plate  and  the  obturator 
placement  the  base  structure  should  be  able  to  support  the  fin  deployment  and  gun  interface.  Test¬ 
ing  should  focus  on  the  survival  of  the  clamp  attachment  system  under  launch  loads.  Section  6.0 
reviews  the  results  of  the  system  testing. 


5.0  Design  of  Deployed  Systems 


Deployed  systems  refers  to  the  vehicle  components  that  react  to  a  command  or  force  to 
deploy  or  are  essential  to  the  vehicle  deployment  process.  Included  are  the  fin  system,  the  clamp 
system,  and  the  parachute  system.  Following  sections  detail  the  concepts,  design  process,  and 
detailed  design  of  each  of  these  subsystems  and  the  testing  necessary  to  determine  their  perfor¬ 
mance.  These  items  are  closely  related  to  the  complete  vehicle  design  but  involved  research  and 
choices  unique  to  the  specific  requirements  of  each  subsystem. 

5.1  Fin-Stabilized  Projectiles  and  Concepts 

The  decision  to  use  a  fin  stabilized  vehicle  led  to  extensive  research  into  existing  fin-stabi¬ 
lized  vehicles,  their  design,  and  whether  a  similar  system  could  be  designed  or  incorporated  into 
the  WASP  vehicle.  Various  fin  concepts  based  on  existing  systems  were  proposed  and  presented 
to  the  team.  This  process  led  to  the  discovery  of  an  existing  fin  stabilization  system  that  suited  the 
vehicle  requirements  and  mission.  Integration  of  this  system  with  WASP  reduced  development 
time  and  effort  that  would  have  been  necessary  to  develop  a  new  system. 

5.1.1  Current  Designs 

The  initial  research  into  existing  fin  designs  began  by  consulting  experienced  personnel  in 
the  field  and  references  listing  vehicles  in  use  that  relied  on  fin  stabilization  [11].  The  information 
explained  existing  designs  and  gave  the  team  a  way  to  compare  new  concepts  to  current  practice. 
Some  of  these  vehicles  are  listed  in  Table  5.1,  along  with  the  country  of  origin  and  the  base  con¬ 
cept  for  the  fins. 


Table  5.1:  List  of  Current  Operational  Fin  Configurations 


Vehicle 

155  mm  M7  12  Copperhead 

CLGP  (Cannon-Launched 

Guided  Projectile) 

Country 

USA 

Concept  Description 

longitudinally  folded,  flip  for¬ 
ward  fins 

152  mm  30F38  Krasnopol  CLGP 

Former 
Soviet  Union 

longitudinally  folded,  flip  back¬ 
ward  fins 

76/62  CCS  Course  Corrected 

Shell 

Great  Britain 

longitudinally  folded  flip  forward 
delta  fins 
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Table  5.1:  List  of  Current  Operutional  Fin  Configurations 


Vehicle 

9M119  125  mm  Gun-launched 
Missile  Round 

Country 

Former 
Soviet  Union 

Concept  Description 
radially  deployed  square  fins 

TAAS  -  Israel  Industries  105  mm 
Mill  APFSDS-T 

Germany 

Fixed  radial  delta  fins 

3UBK12  100  mm  Gun-launched 
Missile  Round 

former  East¬ 
ern  Bloc 

flip  out  conformal  fins 

5.1.2  Concepts  Development 

Concepts  were  developed  for  WASP  using  existing  fin  systems  as  a  starting  point.  Ini¬ 
tially  a  requirement  existed  to  maintain  the  standard  length  of  a  Mark  64  shell,  which  severely 
limited  volume  and  material  for  fins.  Since  many  of  the  existing  fins  were  stowed  folded  longitu¬ 
dinally  within  the  gun  or  shell  diameter  and  flipped  out  radially  along  a  pivot  at  one  corner,  much 
effort  was  made  to  fit  this  design  into  the  standard  length.  This  arrangement  would  require  slots 
in  the  shell,  exposing  them  to  launch  pressures  and  compromising  structural  integrity.  As  the 
components  and  layout  of  the  flyer  were  developing  it  became  apparent  that  very  little  volume 
within  the  shell  would  exist  for  fins  to  be  stowed  or  for  mechanisms  to  deploy  them. 

5.1.3  Conformal  Hinged  Fins 

One  initial  concept  used  curved  conformal  fins  that  when  stowed  would  lie  around  the  cir¬ 
cumference  of  the  shell  within  the  five  inch  diameter.  They  would  attach  to  the  shell  by  a  longitu¬ 
dinal  hinge  in  the  base,  allowing  the  fin  to  swing  out  from  the  shell  and  align  with  the  air  flow. 
Curvature  of  the  deployed  fins  would  result  in  a  reduction  of  the  effective  area  for  each  fin.  Incor¬ 
poration  of  the  fins  into  the  aft  boat-tail  of  an  existing  Mark  64,  as  in  the  Shell-Enclosed  Flyer 
concept,  was  the  first  design  iteration.  If  placed  within  the  sloped  boat  tail,  the  longitudinal  angle 
of  the  fin  hinge  would  result  in  a  misaligned  fin  when  deployed,  actually  causing  rotation.  There¬ 
fore  it  would  be  necessary  to  straighten  the  back  end  of  the  shell  to  accommodate  the  fin  hinge, 
which  would  increase  the  drag  of  the  shell.  At  that  point  in  concept  development  reduced  range 
from  any  increase  in  drag  was  seen  as  a  big  drawback.  Pressure  exerted  on  the  fins  and  fin  mech¬ 
anisms  during  launch  was  also  a  concern,  since  the  hinges  would  be  directly  exposed.  Reduction 
in  base  outer  diameter  to  fit  the  fin  thickness  would  reduce  the  base  area  available  for  structural 
support  of  the  flyer  and  projectile. 
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5.1.4  Conformal  Spar  Fins 


A  variation  of  the  above  concept  was  briefly  researched,  in  which  the  fin  was  conformal  to 
the  shell  diameter  when  stowed,  but  was  deployed  radially  outward  with  an  arm  into  the  base.  A 
boat-tail  would  still  be  possible  for  the  back  end  and  the  fin  deployment  mechanisms  could  be 
located  within  the  shell  away  from  the  launch  environment.  Vehicle  length  was  not  available  at 
the  time  to  fit  straight  radially  deployed  fins.  An  unprecedented  concept  would  be  difficult  to  pur¬ 
sue,  and  the  effective  area  of  the  fins  was  small.  Questions  concerning  whether  deployment  was 
quick  enough  and  the  possibility  of  jamming  the  deployment  arm  were  sufficient  enough  to  reject 
the  idea. 

The  complexity  of  placing  fins  and  a  complete  flyer  within  the  current  length  of  a  standard 
shell  was  soon  realized.  The  requirement  to  match  the  standard  Mark  64  length  was  revised  to 
simply  keep  the  system  length  as  short  as  possible.  Design  work  had  demonstrated  that  the  flyer 
with  all  necessary  components  would  fit  into  the  length  of  a  standard  shell  with  very  little  margin 
and  no  spare  volume  available  to  store  fins.  This  led  to  further  research  into  the  most  commonly 
used  fin  deployment  method;  folding  the  fins  longitudinally  forward  or  backward  within  the  gun 
or  shell  diameter. 

5.1.5  SAL-GPFins 

During  discussions  with  Draper  Laboratories  and  exposure  to  the  various  projectile  devel¬ 
opment  programs,  the  Extended  Range  Guided  Munition  (ERGM)  program  was  found  to  have 
fins  that  appeared  to  meet  the  vehicle  requirements.  The  short  configuration  of  the  ERGM  Dem¬ 
onstration  Round  used  the  projectile  body  of  the  Navy’s  Smart  Active  Laser-Guided  Projectile 
(SAL-GP)  program.  These  fins  were  attached  to  the  SAL-GP  projectile,  which  has  a  shape  simi¬ 
lar  to  a  standard  Mark  64  projectile  and  are  launched  from  five  inch  Navy  guns.  The  configura¬ 
tion  of  the  ERGM  Demonstration  Round  is  shown  in  Figure  5.1  below.  Dahlgren  designers  [29] 
were  contacted  and  provided  drawings  of  the  fins  and  the  fin  hinge  plate  that  attached  to  the  shell. 

It  was  soon  determined  that  with  some  modifications,  and  by  lengthening  the  aft  end  of  the  base, 
the  hinge  plate  design  could  be  readily  incorporated  into  the  design  of  the  back  end,  as  noted  in 
the  previous  section. 
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Figure  5.1:  ERGM  Short  Configuration  with  SAL-GP  Fins 


Aerodynamic  data  was  received  from  the  Navy  [30]  and  stability  calculations  confirmed 
that  the  fins  would  stabilize  the  vehicle,  provided  the  c.g.  could  be  placed  accurately.  The  choice 
to  proceed  with  the  SAL-GP  fins  was  made  promptly  following  the  determination  that  they  would 
meet  the  requirements  for  the  vehicle.  Use  of  an  existing  system  would  require  only  simple  mod¬ 
ifications  to  the  base  design  and  reduce  the  development  time  for  a  new  system.  A  test  set  of  the 
fins  for  investigation  and  a  flight  qualified  set  for  integration  into  a  live  fire  vehicle  were  acquired 
from  Dahlgren  at  no  cost  [29]. 


5.2  Analysis  and  Integration  of  Fin  System 


Stability  analyses  of  the  fins  and  the  aerodynamic  data  helped  to  determine  the  necessary 
location  for  the  c.g.  This  location  was  close  to  the  location  calculated  using  Pro  Engineer,  and  the 
team  was  confident  any  adjustment  necessary  would  not  be  complicated. 


5.2.1  Aerodynamic  Properties 


Properties  of  the  fins  were  received  from  contacts  at  the  Navy  Surface  Weapons  Center  at 
Dahlgren,  Virginia  [30].  They  listed  the  coefficients  of  drag,  pitch  force,  and  pitching  and  rolling 
moments  for  various  Mach  numbers.  Data  corresponded  to  the  arrangement  on  the  ERGM  short 
motor  configuration  shown  in  Figure  5.1,  and  included  values  for  the  shell  body  and  fins  without 
the  canards.  Calculations  of  stability  and  range  estimations  can  be  found  in  Reference  [31].  The 
data  are  attached  in  Appendix  H. 

5.2.2  Deployment  Mechanism 

The  deployment  of  the  SAL-GP  fins  does  not  involve  any  active  mechanisms.  A  fin 
retainer  and  fin  retainer  plate  are  mounted  around  the  inside  trailing  edges  of  the  fins  and  hold  the 
fins  in  during  assembly,  handling,  mounting  within  the  gun,  and  launch.  A  modified  screw  holds 
the  fin  retainer  and  retainer  plate  in  the  correct  positions  around  the  rear  of  the  fins.  The  pressure 
forces  of  launch  and  the  rebound  force  cause  the  modified  screw  to  break,  which  releases  the  fin 
retainer  and  the  fins.  Examination  of  the  test  set  of  fins  revealed  that  the  fins  are  not  pre-loaded  to 
deploy  outwards,  and  the  team  assumed  that  the  rebound  force  causes  the  outward  and  forward 
deployment  of  the  fins.  As  a  fin  reaches  the  correct  deployed  position,  a  notch  on  the  fin  axle  area 
lines  up  with  a  spring-loaded  fin  stop  pin  beneath  the  fin  axis.  The  clip  springs  out  from  the  base, 
holding  it  in  the  deployed  position.  Some  of  these  details  are  shown  in  Figure  5.3.  More  com¬ 
plete  specifications,  the  engineering  drawings  for  the  current  fin  system  are  shown  in  Appendix  G. 
Figure  5.2  is  a  model  of  the  deployed  fins  and  base  assembly  from  two  different  views. 
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Figure  5.2:  Two  Views  of  the  Base  and  Fin  Assembly 


5.2.3  Support  Structure 

Structural  support  for  the  S  AL-GP  fins  is  provided  by  a  hinge  plate  that  threads  to  the  aft 
projectile  body.  The  hinge  plate  aligns  the  fins  to  fold  longitudinally  with  minimal  clearance  and 
the  largest  possible  fin  area.  Each  fin  attaches  to  the  hinge  plate  with  an  axle  bolt  about  which  the 
fin  deploys.  Each  of  the  six  fin  axles  are  mounted  through  axle  holes  located  through  the  base 
thickness  close  to  the  outside  radius  of  the  base.  Six  fin  cavities  equally  distributed  around  the 
outside  circumference  provide  clearance  for  fin  mounting  and  rotation.  This  structure  is  shown 
clearly  on  Figure  5.3  below.  The  geometry  provides  maximum  extension  of  the  fins  into  the  air 
flow  around  the  shell  body.  Beneath  these  axle  holes  are  longitudinal  holes  for  spring-loaded  fin 
stop  pins.  A  small  fin  crush  pin  that  helps  to  halt  the  fins  deployment  is  located  towards  the  outer 
circumference  of  the  fin  cavity.  The  axle  holes,  stop  pin  holes,  and  crush  pin  are  included  in  the 
vehicle  base  design  to  ensure  successful  deployment  and  operation  of  the  fins. 
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Axle  Bolt  Holes 


Figure  5.3:  CAD  Model  and  Cross  Section  of  Fin  Support  Area 


5.2.4  Assembly 

Assembly  of  the  fins  for  the  vehicle  prototype  would  begin  with  disassembly  of  current 
flight-qualified  fins.  Consultation  with  the  engineers  at  NSWC  Dahlgren  to  ensure  correct  disas¬ 
sembly  of  the  fin  system  would  be  required.  The  assembled  vehicle  would  use  the  same  axle 
bolts,  spring  clips,  fin  stowage  cap,  and  fins.  Once  the  current  fin  set  is  disassembled  correctly,  it 
could  be  installed  on  the  current  base. 

It  would  be  possible  to  assemble  the  fins  directly  on  to  the  base  if  the  fins  and  their  compo¬ 
nents  were  available  prior  to  assembly  to  a  SAL-GP  hinge  plate.  This  would  reduce  the  work  nec¬ 
essary  for  the  fin  assembly.  Cooperation  with  the  Navy’s  production  facilities  or  fin  suppliers 
would  make  this  possible.  For  a  production  vehicle,  or  production  of  more  than  a  few  prototype 
vehicles,  this  procedure  would  save  time  and  reduce  the  complexity  of  the  assembly  process. 

5.3  Clamp  System  Detailed  Design  and  Analysis 

The  clamp  attachment  concept  was  the  best  concept  developed  to  meet  the  requirements  of 
the  WASP  vehicle.  Although  based  on  the  idea  behind  Marmon  clamps,  a  similar  clamp  system 
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for  projectiles  was  not  found.  Two  half  shells  with  ring  protrusions  on  the  inside  insert  into 
grooves  in  the  base  and  the  shell.  Since  no  real  clamping  force  is  applied  the  use  of  the  term 
clamp  is  somewhat  misleading.  The  design  does  provide  a  tight,  hard  fit  between  the  shell  and  the 
base  provided  the  groove  dimensions  and  tolerances  are  carefully  controlled.  Clamp  length  must 
match  the  dimension  between  the  base  groove  and  the  shell  groove  when  these  two  parts  are 
assembled.  Material  on  the  base  that  inserts  into  the  shell  relieves  the  clamp  of  the  lateral  forces 
encountered  during  launch.  Various  methods  for  maintaining  a  tight  fit  of  the  clamps  were  pro¬ 
posed,  such  as  hinges,  axial  pins,  or  cicumferential  bolts.  Currently  the  clamps  are  held  around 
the  projectile  by  two  bolts  that  pass  from  the  outside  and  across  the  clamp  end,  screwing  into  the 
other  clamp,  as  shown  in  Figure  5.4.  These  bolts  are  placed  within  the  material  of  the  base  ring 
protrusion  which  maximizes  the  possible  bolt  size.  If  necessary,  the  protrusion  size  could  be 
increased  by  recessing  the  groove  further  into  the  base,  allowing  larger  bolts.  However  the  force 
load  on  the  bolt  is  not  fully  determined,  and  testing  under  the  actual  loading  conditions  would  be 
needed  for  that  assessment. 


Figure  5.4;  Detailed  Drawing  of  Clamp 
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There  are  many  advantages  of  this  concept  over  the  initial  concepts.  Assembly  and  disas¬ 
sembly  are  simple  and  repeatable.  It  does  not  require  internal  volume,  since  the  charge  that 
breaks  the  clamp  attachment  is  placed  on  the  exterior  of  the  base.  Tolerances  around  the  clamp 
must  be  controlled  very  well  and  produce  a  very  strong,  tight  fit.  Parts  were  assigned  tolerances 
that  could  be  machined  easily  but  assumed  that  at  the  worst  tolerances  the  parts  would  just  fit 
together.  The  resulting  design  involved  straightforward  lathe  operations  to  machine.  Requiring  a 
tight  fit  led  to  some  additional  machining  prior  to  successful  assembly,  but  the  extra  work  was 
minimal  and  allowed  the  fit  to  be  exact. 

The  clamps  are  made  of  17-4  PH  annealed  steel.  This  material  was  picked  due  to  its  use  in 
the  current  fin  hinge  plate  and  the  excellent  strength  characteristics  of  the  alloy  steel.  They  were 
machined  in  the  machine  shop  of  Draper  Laboratory  from  the  attached  clamp  drawing  (Appendix 
I).  Geometric  constraints  and  analysis  of  the  clamps  allowed  determination  of  the  tolerances 
needed  and  exact  geometry. 

5.3.1  Geometric  Constraints 

As  with  all  concepts,  no  material  could  extend  beyond  the  five-inch  diameter  of  the  gun’s 
internal  dimension  when  launched.  Shell  thickness  constrained  the  depth  of  the  shell  groove  and 
the  amount  of  material  available  for  the  clamp  to  grip  on  to.  Initial  design  iteration  allowed  a 
groove  depth  of  0.30  inches,  with  the  step  at  0. 15  inches  (See  Appendix  F).  This  seemed  to  be  too 
little  depth  for  the  clamp  lip,  and  did  not  seem  likely  to  survive.  However  with  a  shell  thickness  of 
only  0.5  inches,  this  depth  was  the  maximum  the  geometry  would  allow.  Removal  of  the  far  aft 
lip  of  the  original  shell  left  approximately  one  inch  between  the  rear  of  the  shell  and  the  obturator. 
The  width  of  the  groove  was  arbitrarily  chosen  as  0.25  inches  located  0.25  inches  from  the  base. 
Detailed  analysis  using  finite  elements  would  determine  whether  these  geometry  constraints 
would  be  possible. 

5.3.2  Launch  Loads 

Launch  loads  are  applied  impulsively  to  the  structure,  making  exact  material  behavior  dif¬ 
ficult  to  predict.  Constant  loads  equal  to  launch  magnitude  were  applied  for  the  boundary  condi¬ 
tions  and  stresses  were  limited  to  the  material  yield  strength.  The  area  where  the  base  and  the 
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shell  are  mated  supports  the  load  path  during  the  initial  compression.  In  that  phase  the  critical 
component  is  the  shell,  which  could  fail  at  tltP  groove  location.  The  clamps  should  only  support 
rebound  forces  from  the  shell,  estimated  by  Draper  and  Dahlgren  personnel  [9,  28]  as  four  thou¬ 
sand  times  the  force  of  gravity.  The  maximuiti  force  acting  on  the  clamp  in  tension  is  the  weight 
of  the  shell  times  four  thousand.  To  add  some  margin  to  the  model,  a  safety  factor  of  1.5  was 
used,  setting  the  g-load  at  six  thousand  times  the  force  of  gravity. 

5.3.3  Structural  Analysis 

The  first  analysis  demonstrated  that  if  the  clamp  were  resisting  the  applied  force  with  the 
clamp  held  at  one  groove  surface,  then  the  material  would  reach  stresses  beyond  the  yield  strength 
by  bending  in  the  clamp  where  the  material  is  thin.  The  clamp  would  have  to  be  supported  in 
some  way  with  the  tolerance  and  geometry,  and  use  the  design  and  geometry  to  avoid  bending. 
With  a  tolerance  set  on  the  ability  of  the  clamp  to  yield,  as  if  the  clamp  were  tightly  fit  within  the 
grooves,  the  clamp  material  was  still  above  the  yield  strength  at  the  inside  comers.  Adding  small 
rounds  at  the  inside  comers  where  the  material  was  yielding  solved  this  problem,  and  all  of  the 
clamp  material  was  beneath  the  yield  strength.  The  clamp  itself  should  be  able  to  withstand  the 
impulse  load  of  launch  provided  it  does  not  yield  for  some  reason  during  the  initial  acceleration  or 
from  lateral  loads  on  the  bolts.  Research  and  experience  with  these  devices  did  not  indicate  that 
there  would  be  any  forces  acting  on  the  clamp  other  than  the  lateral  rebound  acceleration.  The 
final  stress  analysis  shown  in  Figure  5.5  below  is  the  last  load  case.  Material  deformation  is  exag¬ 
gerated  for  illustrative  purposes. 


73 


LLn  STRESS  Lc=l 


n  M i E0  E 


Figure  5.5:  Finite  Element  Analysis  of  Clamp 


5.3.4  Detachment  Mechanism 


Clamp  separation  is  accomplished  by  using  an  explosive  charge  placed  in  the  small  groove 
beneath  the  clamp.  The  charge  chosen  to  initiate  separation  was  a  Flexible  Linear  Shaped  Charge. 
Linear  Shaped  Charges  (LSCs)  are  hollow  sheaths  of  metal  containing  high  energy  explosives 
such  as  RDX  (Cyclotrimethylene  Trinitramine)[32]  specially  shaped  to  provide  directionality  to 
the  output  energies.  By  taking  advantage  of  the  Monroe  Effect,  the  explosive  activation  is 
designed  to  cut  through  adjoining  material.  The  Monroe  Effect  refers  to  the  jet  of  gas  and  molten 
liner  material  that  is  formed  at  the  apex  of  a  chevron  shaped  charge  when  activated  [33].  This  jet 
melts  and  cuts  through  almost  any  material  in  close  contact  with  the  chevron  shaped  metal  sheath. 
LSCs  take  advantage  of  this  effect  to  cut  Marmon  clamps  and  other  devices  on  satellite  separation 


mechanisms.  Flexible  linear  shaped  charges  (FLSCs)  are  similar  except  the  sheath  is  made  from 
combinations  of  flexible  materials.  This  allows  the  charge  to  be  curved  or  placed  around  a  cir¬ 
cumference.  The  operation  principle  is  shown  in  Figure  5.6. 


metal  sheath 


Figure  5.6:  Schematic  of  Linear  Shaped  Charge  Operation 


A  flexible  shaped  charge  placed  within  the  circumference  of  the  base  would  provide  the 
necessary  cutting  action  to  release  clamps  connecting  the  base  and  shell.  The  charge  travels  along 
the  sheath  at  approximately  10,000  ft/s  [34]  which  would  result  in  almost  instantaneous  release  of 
the  clamps.  There  was  sufficient  material  between  the  parachute  cavity  and  the  FLSC  groove  to 
place  electrical  connections  and  the  actuation  device.  The  Ensign  Bickford  Company  provided 
information  for  the  various  FLSCs  that  they  manufactured,  and  a  design  that  met  our  geometry 
and  materials  was  quickly  found.  The  company  was  approached  with  a  proposal  to  design  the 
actuation  and  detailed  placement  of  the  FLSC  based  on  the  clamp  system  geometry  and  configu¬ 
ration.  Engineers  at  Ensign  Bickford  recommended  the  use  of  a  Mild  Detonating  Fuse  (MDF) 
instead  of  a  FLSC.  MDFs  produce  high  pressures  within  a  recessed  cavity  instead  of  a  cutting 
action.  A  mild  detonating  fuse  cord  within  the  charge  cavity  would  produce  enough  pressure  to 
break  the  clamp  connection  bolts  in  tension  [32].  Schematics  of  the  MDF  and  possible  separation 
system  configurations  for  MDF  s  are  shown  in  Figure  5.7. 
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Figure  5.7:  Mild  Detonating  Fuse  Schematic  and  Separation  Methods 


Actual  separation  during  a  mission  could  cause  some  interference  with  the  parachute  or  fin 
systems.  Using  a  FLSC  to  cut  the  clamps  could  result  in  the  forward  portions  of  the  clamp  hitting 
the  fins  or  a  deployed  parachute  after  they  are  cut.  FLSC  activation  is  not  a  “clean”  process;  it 
releases  combustion  products  and  fragmentation  that  can  affect  sensitive  components  [33].  Use  of 
a  MDF  would  cause  the  two  clamps  to  be  jettisoned  sideways  prior  to  deployment  of  the  para¬ 
chute.  Behavior  of  the  clamps  at  separation  would  be  important  to  predict  possible  interference 
with  the  fins  and  parachute.  Due  to  the  possible  interference  resulting  from  FLSC  activation,  it 
was  reasoned  that  it  would  be  preferable  to  break  the  clamp  attachments  using  a  MDF.  Forcing 
the  clamp  outward  is  likely  to  be  safer  than  releasing  debris.  To  ensure  the  parachute  is  not 
affected  while  deploying,  separation  should  occur  slightly  before  the  deployment  of  the  para¬ 
chute.  The  behavior  and  effect  of  the  mild  detonating  fuse  on  the  clamps  would  be  determined  by 
testing  and  further  consultation  with  experienced  personnel  at  Ensign  Bickford. 
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5.4  Parachute  System 


Successful  deployment  and  operation  of  the  parachute  is  a  mission  critical  operation.  The 
parachute  system  must  have  a  reliable  deployment  system.  Survival  of  the  parachute  during 
launch  and  successful  deployment  relies  on  the  proper  operation  of  the  chute  cover.  The  cover 
and  its  method  of  attachment  was  included  in  the  design  of  the  deployment  system  and  is  closely 
related  to  the  base  design.  The  parachute  cavity  provides  a  volume  of  approximately  ten  cubic 
inches  and  contains  a  one  foot  diameter  parachute,  swivel,  and  a  plate  attachment  to  the  base 
assembly.  During  launch  and  ballistic  flight  this  cavity  is  closed  by  the  chute  cover.  Detailed 
design  and  arrangement  of  the  parachute  system  is  covered  in  Reference  [31]. 

5.4. 1  Purpose  of  the  Chute  Cover 

The  cover  seals  the  parachute  cavity  from  the  gases  and  pressures  of  launch.  Due  to  the 
shape  of  the  fins  trailing  edge,  there  was  space  between  the  stowed  fins  and  the  cavity  opening  to 
place  a  chute  cover.  By  controlling  the  geometry  of  the  cover,  it  could  be  designed  to  force  a  cav¬ 
ity  seal  as  it  reacts  to  the  launch  gas  pressure.  The  other  purpose  of  the  chute  cover  is  to  assist  the 
deployment  of  the  parachute.  Current  illumination  rounds  use  the  separation  of  the  base  plug  to 
initiate  the  deployment  of  the  deceleration  chute.  In  this  configuration,  the  cover  alone  is  ejected 
at  large  velocity,  initiating  parachute  deployment.  By  attaching  the  cover  to  the  parachute  with  a 
line  weaker  than  the  parachute  shrouds,  the  chute  will  be  pulled  out  until  the  line  and  parachute 
shrouds  are  tight.  The  cover  has  enough  ejection  momentum  to  break  the  line  when  the  parachute 
is  fully  deployed.  Therefore  the  problem  is  how  to  attach  the  chute  cover  firmly  to  the  base  for 
launch  and  ballistic  flight,  and  when  commanded,  separate  from  the  base  at  high  velocity. 

5.4.2  Detailed  Design 

Since  the  cavity  is  located  at  the  very  rear  of  the  back  end,  it  is  directly  exposed  to  the 
pressure  and  combustion  gases  generated  at  launch.  The  cover  is  designed  with  a  45  degree  slope 
and  flat  lip  around  the  cavity  opening.  This  seals  the  cavity  when  pressure  is  applied  to  the  cover. 
A  flat  surface  faces  the  parachute  with  a  small  loop  for  the  deployment  line  to  be  attached  to  the 
parachute.  Exterior  dimensions  of  the  cover  are  controlled  by  the  clearance  area  between  the  rear 


surface  of  the  base  and  the  stowed  fins.  A  round,  slightly  domed  shape  extending  to  the  rear  pro¬ 
vides  thickness  over  the  parachute  cavity.  The  dome  thickness  is  limited  by  the  trailing  edge  of 
the  fins  when  stowed.  Two  arms  extend  from  the  round  central  shape  at  180  degrees  to  one 
another  and  attach  the  cover  to  the  back  end.  This  attachment  must  be  strong  up  to  the  point  of 
parachute  deployment  when  the  eover  is  ejeeted.  The  resulting  design  integration  with  the  fins 
and  base  is  as  shown  in  Figure  5.8: 


Chute  Cover  shape  and  arms 
limited  by  fin  cavities 


Alignment  of  Chute  Cover  over 
Parachute  Cavity  and  Bolt  Thruster 
Holes 


Figure  5.8:  Integration  of  Cover  with  Base  and  Fins 


During  research  into  various  explosives  for  the  back  end,  methods  to  securely  bolt  items 
down  and  then  thrust  off  with  a  large  force  were  noted  for  possible  use  in  the  base.  One  method 
called  a  “bolt  thruster”  uses  a  modified  bolt  mounted  in  stationary  material  that  shoots  out  a 
smaller  bolt.  The  principle  behind  the  bolt  thruster  is  illustrated  in  Figure  5.9  below.  Main  parts 
of  the  thruster  include  the  actuator  (called  a  “squib”),  the  housing,  the  ejector,  a  piston,  and  shear 
and  stop  pins.  A  squib  contains  an  explosive  charge  and  is  inserted  at  the  base  of  the  housing 
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behind  the  piston.  At  activation,  the  explosive  generates  pressure  that  pushes  the  piston  against 
the  ejector.  The  charge  is  sufficient  to  break  shear  pins  securing  the  ejector  to  the  housing.  The 
piston  accelerates  against  the  ejector  until  it  bits  the  stop  pin.  The  ejector  and  any  structure 
attached  to  it  is  continues  to  travel  away  from  housing  and  structure  it  is  mounted  in. 


Stractur^ 


Shear  Pin  Broken 


Ejector  and 
Thruster  continue 


Figure  5.9:  Schematic  of  Bolt  Thruster  Operation 


Bolt  thrusters  are  available  in  many  configurations,  but  none  found  were  able  to  meet  the 
geometry  requirements  of  the  system.  Upon  further  consultation  with  Special  Devices,  Incorpo¬ 
rated,  the  company  offered  to  custom  build  a  thruster  in  the  configuration  needed  for  a  reasonable 
cost  and  very  quickly.  The  base  and  fin  designs  were  sent  to  SDI  with  the  geometry  and  limiting 
dimensions  of  the  assembly.  The  chute  cover  required  two  attachments  on  either  side  in  order  to 
be  securely  held  to  the  base,  and  these  bolt  thrusters  need  to  be  activated  simultaneously  for  suc¬ 
cessful  ejection.  Special  Devices  Incorporated  was  able  to  design  a  bolt  thruster  specifically  to 


the  requirements  and  geometric  constraints  within  five  weeks  of  the  order.  The  bolt  thrusters  fit 
into  the  geometry  shown  below: 


Hole  for  Ejector 
Bolt 


Figure  5.10:  Cross-section  View  of  Chute  Cover  Geometry 


Detailed  drawings  are  contained  in  Appendix  G. 


5.5  Deployed  Systems  Testing 
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Various  methods  were  proposed  to  specifically  test  the  performance  of  the  deployed  sys¬ 
tems  at  each  point  in  the  operational  sequence.  Fin  deployment  testing  was  not  necessary  since  it 
used  a  proven  system  identical  to  the  existing  system.  Critical  concepts  to  test  are  the  clamp 
release,  parachute  deployment,  and  flyer  extraction.  Many  methods  to  test  the  deployment  were 
proposed,  including  a  wind  tunnel,  static  test,  or  drop  from  altitude.  The  most  difficult  variable  to 
model  accurately  was  the  speed.  At  the  time  of  deployment  the  vehicle  would  be  traveling  at  tran¬ 
sonic  speeds.  High-speed  wind  tunnel  time  was  very  expensive,  hard  to  schedule  quickly,  and 
would  not  be  likely  to  tolerate  any  explosive  or  release  of  parts  into  the  flow.  A  static  test  at  zero 
velocity  would  not  provide  significant  data  of  interest  for  deployment  at  high  speeds. 

A  drop  test  from  a  high  altitude  was  proposed.  The  assembled  vehicle  with  fins  deployed 
would  accelerate  under  its  own  weight  until  it  reached  a  preset  time  or  speed  at  which  the  deploy¬ 
ment  sequence  would  start.  The  owner  of  a  remote  control  ultralight  aircraft  was  approached  with 
the  idea  and  was  willing  to  pursue  it.  But  estimated  altitudes  necessary  to  reach  a  fraction  of  tran- 
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sonic  speeds  were  too  high  for  this  approach.  A  jet  aircraft  or  similar  vehicle  may  have  been  able 
to  accelerate  the  vehicle  to  the  necessary  speeds,  but  neither  the  time,  budget,  or  test  support  was 
available  to  pursue  this  option.  Therefore  a  separation  test  for  the  base  was  not  possible,  however 
it  should  be  an  integral  step  in  a  testing  program  to  develop  an  operational  vehicle. 

Ensign  Bickford  quoted  the  price  to  design  and  test  an  integrated  initiator,  safety  fuse,  and 
mild  detonating  fuse  placed  into  hardware  manufactured  and  supplied  by  the  project.  Budget  con¬ 
straints  towards  the  end  of  the  program  could  not  cover  the  quoted  cost  for  this  support,  and  a  test 
of  the  explosive  system  did  not  occur. 


6.0  System  Assembly,  Testing,  and  Projected  Performance 

A  complete  system  could  not  be  manufactured  and  assembled  with  the  time  and  money 
available.  The  following  sections  describe  the  steps  necessary  near  the  conclusion  of  the  project 
to  produce  a  functioning  test  prototype  of  the  High-G  Vehicle.  Some  discussion  for  the  develop¬ 
ment  of  an  Operational  Vehicle  is  also  included.  The  predicted  performance  of  an  operational 
vehicle  is  also  covered  to  further  demonstrate  the  capabilities  of  the  design. 

6.1  Alignment  and  Tolerance  Issues 

The  tolerance  issues  for  the  clamp  were  discussed  above.  Since  the  vehicle  design 
involved  the  careful  assembly  of  many  different  parts,  tolerances  were  an  important  aspect  of  the 
design,  especially  when  taking  into  account  machine  shop  capabilities  and  increases  in  machining 
time  to  check  fine  measurements.  Many  of  the  components  depended  on  a  solid  assembly  to  be 
supported  structurally  in  the  launch  environment.  This  was  especially  true  between  the  shell, 
base,  and  clamping  mechanism  and  the  wing  system  of  the  HGV  Another  major  challenge  for  the 
shell  and  base  design  was  to  fit  the  flyer  completely  within  the  shell  and  to  support  it  effectively. 
Forward  shell  interior  features  had  to  match  the  dimensions  and  shape  of  the  flyer  to  prevent  the 
flyer  from  rattling  within  the  shell  and  from  slamming  to  the  front  of  the  shell  upon  rebound. 
Control  of  the  blind  interior  machining  process  for  the  shell  made  exact  measurements  difficult  to 
make.  The  base  had  to  lie  flat  with  the  flyer  rear  which  would  maximize  the  ability  of  the  base  to 
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support  the  flyer.  This  was  difficult  because  all  current  shells  have  tolerances  that  can  make  the 
geometry  hard  to  align. 

The  rework  required  for  each  shell  in  the  present  configuration  could  be  avoided  if  the  tol¬ 
erances  for  all  designed  parts  are  kept  consistent.  Since  much  of  the  alteration  during  the  project 
occurred  simultaneously  with  the  design,  and  small  changes  were  not  always  communicated 
effectively,  some  rework  was  necessary  when  assembling  the  system. 

6.2  Air  Gun  Tests 

Many  tests  were  conducted  in  an  air  gun  at  Picatinny  Arsenal  in  Dover,  New  Jersey.  An 
air  gun  simulates  the  launch  loads  of  a  real  gun  by  shooting  a  test  canister  at  similar  acceleration 
magnitudes.  The  actual  acceleration  versus  time  profile  is  sharper,  because  the  air  gun  canister  is 
accelerated  much  quicker.  It  reaches  similar  aeceleration  levels  in  three  milliseconds  as  a  real  gun 
reaches  in  sixteen  milliseeonds.  Despite  this  difference,  the  tests  still  provide  good  data  for  struc¬ 
tural  survivability.  Testing  occurs  quickly,  allowing  for  repeated  tests  with  the  same  structure  in 
the  same  day.  Test  canisters  for  the  five-inch  air  gun  are  limited  to  a  four  inch  inner  diameter. 
This  restriction  prevented  testing  of  the  eomponents  for  the  flight  support  and  deployment  sys¬ 
tems  but  allowed  extensive  testing  of  the  flyer,  wings,  and  propulsion  systems.  The  testing  of 
these  systems  is  covered  in  References  [21,  22]. 

6.3  Assembly  for  Canister  Test 

Canister  testing  was  recommended  by  the  engineers  at  Dahlgren  when  the  team  presented 
the  project.  A  canister  test  refers  to  the  testing  method;  a  test  item  is  placed  within  the  body  of  an 
eight-inch  diameter  test  canister  shot  from  an  eight  inch  gun  at  the  Dahlgren  testing  facility.  Fig¬ 
ure  6. 1  is  a  drawing  of  the  test  canister. 
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Figure  6.1:  Eight  Inch  Test  Canister 

A  test  canister  with  two  six  inch  extensions  added  to  the  body  contained  the  entire  vehicle  without 
the  fin  system.  Specific  launch  accelerations  depending  on  the  weight  of  the  vehicle  could  be  set 
by  the  amount  of  propellant  loaded  into  the  gun  breach.  The  test  requires  at  least  a  week  of 
assembly  preparation,  cannot  be  repeated  on  the  same  day,  and  costs  significantly  more  tbfth  ftir 
gun  tests.  Canisters  are  retrieved  from  the  test  range,  so  the  flyer  and  components  tested  would 
not  be  lost. 

Canister  testing  simulates  a  real  live  fire  test  except  for  exposure  to  the  gun  barrel  surface 
and  the  combustion  gases  and  pressure.  The  accelerations  and  energy  imparted  to  the  test  item  are 
nearly  identical  to  the  acceleration  profile  of  a  real  five-inch  gun,  and  the  Dahlgren  personnel  felt 
that  the  vehicle  would  not  have  problems  surviving  actual  launch  if  the  canister  test  was  success¬ 
ful. 

Due  to  the  test  item  mounting  structure,  the  exact  aft  structure  of  the  vehicle  could  not  be 
tested.  Test  items  are  mounted  by  threading  onto  the  interior  base  of  the  test  canister.  To  mount 
the  WASP  vehicle  a  modified  base  that  excluded  fin  support  and  obturator  geometry  had  to  be 
designed.  Base  design  from  the  clamp  groove  forward  did  not  change.  The  threaded  interface  to 
the  test  canister  was  placed  aft  of  the  groove.  An  identical  parachute  cavity  was  kept  within  the 
base  structure  to  allow  flyer  attachment  and  to  simulate  the  base  structure,  but  no  parachute 
assembly  was  inserted.  Despite  the  changes  major  structural  aspects  of  the  base  design  could  be 
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tested,  especially  the  unprecedented  use  of  the  clamped  concept.  Since  the  fin  and  obturator 
geometry  is  identical  to  a  system  currently  in  use,  these  components  should  not  have  a  problem 
with  launch  survival  or  operation.  The  modified  base  is  shown  in  Figure  6.2. 


Figure  6.2:  Modified  Base  for  Eight  Inch  Test  Canister 


To  reduce  the  lateral  forces  on  the  test  canister  base,  test  personnel  recommended  the  addi¬ 
tion  of  a  lateral  nose  support  at  the  forward  end  of  the  test  vehicle.  Their  recommendations  com¬ 
bined  with  the  geometry  available  in  the  nose  of  the  shell  near  the  propeller  fork  led  to  the  nose 
lateral  support  shown  in  Figure  6.3. 
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Thread:  IT2  -  20  UNF  THRU 

Figure  6.3:  Lateral  Nose  Support  for  Test  Canister 


Using  analysis  codes  at  their  facility,  designers  at  the  Dahlgren  test  range  approved  the  design. 
Made  from  7075  aluminum,  the  lateral  support  was  manufactured  by  the  Draper  Machine  Shop. 
Eight  holes  on  the  outside  lip  of  the  support  are  threaded  to  hold  one  half  inch  set  screws  which 
are  screwed  down  to  just  contact  the  canister  walls.  This  support  holds  the  nose  in  place  laterally 
but  allows  axial  motion.  Weight  of  the  support  was  within  a  pound  of  the  projected  weight  of  the 
nose  cone,  applying  a  similar  load  to  the  shell  nose. 

Preparation  for  the  test  canister  proved  to  be  the  only  instance  that  the  flyer  and  shell  sys¬ 
tems  were  assembled  completely.  When  the  test  base,  flyer,  and  shell  were  assembled  for  the  can¬ 
ister  test,  the  flyer  protruded  0.09  inches  farther  than  designed.  Corrections  made  to  the  shell 
caused  the  flyer  to  be  closer  to  the  base  of  the  shell  than  expected.  Modifications  to  the  base  and 
flyer  interface  were  made  to  fit  the  flyer  securely  instead  of  the  propulsion  module.  It  was  origi¬ 
nally  thought  that  the  propulsion  module  of  the  flyer  would  be  altered  if  the  system  did  not  assem¬ 
ble  correctly.  Inspection  of  the  final  parts  indicated  that  it  would  be  much  simpler  to  adjust  the 
height  of  the  base  protrusion  into  the  shell.  Base  modifications  were  done  by  the  team  in  the 
department’s  machine  shop  prior  to  shipment  of  the  canister  to  the  testing  facility.  Modifications 
to  the  clamps  had  been  done  immediately  after  manufacture,  and  were  easily  assembled  to  the 
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flyer  and  shell  system.  The  nose  lateral  support  was  screwed  into  the  shell  nose  fuse  threads.  All 
flyer  components  were  stowed,  the  flyer  inserted  into  the  shell,  and  the  clamps  added.  This  test 
canister  assembly  was  modeled  and  assembled  on  Pro  Engineer  prior  to  part  manufacture  to  check 
clearances  and  mass  properties  (Figure  6.4).  Two  photos  of  the  assembly  parts  show  the  test  items 
before  they  were  sent  to  the  Dahlgren  facility  (Figure  6.5). 


Figure  6.4:  Assembly  of  Test  Vehicle  for  Eight  Inch  Canister  Test 
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Figure  6.5:  Test  Vehicle  Prior  to  Complete  Assembly  of  Flyer 


The  test  vehicle  was  shipped  to  the  test  facility  in  Dahlgren,  Virginia.  At  Dahlgren,  the  engineers 
added  Loctite  to  the  external  threads,  including  the  lateral  nose  support,  the  clamp  bolts,  and  the 
modified  base  threads. 

6.4  Canister  Test  Results 

Canister  testing  took  place  on  May  14, 1998.  Testing  was  conducted  on  the  same  day  that 
Raytheon  was  testing  components  for  a  similar  concept  vehicle.  Combining  testing  on  the  same 
day  reduced  the  cost  but  did  not  allow  choice  of  testing  dates.  Testing  had  been  scheduled  for  two 
weeks  earlier  but  was  delayed.  The  WASP  system  had  been  sent  to  the  Dahlgren  test  site  in  late 
April  for  assembly  and  integration  with  the  test  canister.  Personnel  assembling  the  canister  and 
test  item  checked  the  tightness  of  all  the  threaded  joints  and  added  Loctite  to  ensure  a  secure 
thread  grip.  Assembly  with  the  test  canister  proceeded  smoothly  due  to  the  communication  with 


the  Dahlgren  contacts  [35],  and  the  test  vehicle  was  ready  to  be  fired  inside  the  eight  inch  test  can¬ 
ister. 

Figure  6.6  contains  two  views  of  the  eight  inch  gun.  For  canister  testing  it  is  elevated  to  a 
75  degree  elevation  to  reduce  the  canister  range  and  simplify  retrieval. 


Figure  6.6:  Eight  Inch  Gun  at  the  Naval  Surface  Warfare  Center  Dahlgren  Division 

The  canister  was  assembled  and  prepared  for  gun  launch.  It  is  loaded  by  hand  into  the  gun 
breach,  followed  by  the  propellant  canisters.  After  elevation  to  75  degrees,  the  gun  fired  the  can¬ 
ister.  Measured  acceleration  on  the  assembly  was  12,026  g’s,  the  same  acceleration  magnitude 
seen  by  standard  five  inch  projectiles.  Rebound  was  not  measurable  but  does  occur  in  a  similar 
fashion  to  standard  guns.  Launch  and  the  failure  of  the  canister  drogue  chute  (a  common  occur¬ 
rence)  boosted  the  canister  to  an  altitude  of  7,700  feet,  where  the  canister  chutes  deployed,  and  the 
canister  fell  into  the  Potomac  River.  Retrieval  of  the  test  canister  occurred  soon  after.  Views  of 
the  canister  before  and  after  launch  are  shown  in  Figure  6.7.  Video  of  the  launch  and  retrieval  was 
recorded  by  the  team  members  present  [36]. 
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Figure  6.7:  Photos  of  T^st  Canister  Before  and  After  Launch 


An  initial  inspection  of  the  vehicle  was  performed  on-site  following  canister  retrieval  and 
the  conclusion  of  all  tests.  No  external  damage  was  seen  as  the  vehicle  was  initially  removed 
from  the  canister.  The  shell,  nose  lateral  support,  and  clamp  system  were  all  intact  and  assembled 
exactly  as  they  had  been  prior  to  launch.  Removal  of  the  clamps  was  easy,  and  the  flyer  was 
removed  to  examine  the  deployable  components.  Tail  surfaces  immediately  deployed  upon 
extraction  from  the  shell  and  after  removing  the  structural  supports,  the  wings  folded  out  per¬ 
fectly.  Detailed  views  of  the  assembly,  clamps  and  the  deployed  flyer  are  shown  in  Figure  6.8. 
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Figure  6.8:  Photos  of  Test  Assembly  and  Components  Following  Canister  Test 

Canister  testing  demonstrated  the  structural  capabilities  of  the  vehicle  design.  It  was  the 
first  test  for  the  clamps  and  the  overall  flight  support  system,  and  both  functioned  as  designed. 
After  detailed  inspection,  no  cracks  or  deformation  was  visible  on  the  clamps,  base,  or  shell.  The 
flyer  and  its  components  all  survived;  the  wings  deployed,  the  flyer  control  surfaces  and  servos 
were  movable,  and  the  engine  retained  compression  of  the  shaft.  Tests  on  engine  performance 
were  unable  to  be  performed,  but  the  engine  shaft  did  rotate  and  no  failure  of  the  engine  parts 
occurred.  Based  on  the  results  of  this  test  the  flight  support  system  and  flyer  can  survive  launch  in 
a  standard  five  inch  gun. 

6.5  Assembly  of  Flight  Support  and  Deployment  Systems 

Final  assembly  of  a  prototype  vehicle  would  be  more  complicated.  A  complete  base 
would  be  a  larger  and  more  complex  component  with  more  attachments  to  be  assembled  and 
checked  out  prior  to  launch.  Assembly  of  the  flyer  is  covered  in  [21]  and  is  assumed  to  be  ready 
in  the  following  description.  Flyer  preparation  for  flight  would  include  structural  assembly,  ini- 


tializing  electronic  systems,  and  ensuring  safe  connections  for  the  explosives  to  the  timer  and 
fuse.  After  completion  of  these  tasks,  assembly  with  the  flight  support  and  deployment  systems 
can  begin. 

The  slip  obturator  would  be  the  first  part  assembled  to  the  base.  Due  to  the  solid  band 
shape,  it  must  be  stretched  to  fit  over  the  groove  edges  and  to  seat  tightly  around  the  base.  To 
stretch  the  obturator,  it  must  be  heated  by  inomersion  in  boiling  water  prior  to  assembly.  This 
expands  the  nylon  and  allows  the  ring  to  be  slipped  over  the  aft  end  of  the  base  and  into  the  sloped 
groove  for  the  obturator.  As  it  dries  and  cools,  the  nylon  shrinks  back  down  to  form  a  tight  clear¬ 
ance  with  the  base.  With  the  obturator  installed  the  remaining  components  are  assembled  with  the 
base. 

The  bolt  thruster  and  clamp  separation  charge  would  be  assembled  next.  The  wiring  for 
each  mechanism  has  to  be  passed  through  the  base  side  and  up  to  where  the  base  connects  to  the 
flyer.  All  wiring  from  the  base  to  controls  in  the  flyer  must  pass  through  this  area.  Unfortunately 
the  exact  arrangement  and  connections  necessary  was  not  determined-  but  the  team  and  Draper 
Labs  have  experience  designing  electrical  connections  under  launch  loads.  Wires  under  the  accel¬ 
eration  of  launch  cannot  support  their  own  weight,  and  need  to  be  encased  in  epoxy  resin.  After 
the  wires  are  passed  through  the  base  and  the  components  successfully  assembled,  the  resin  would 
be  applied  to  the  wire  paths  and  allowed  to  dry. 

The  physical  mounting  of  the  clamp  separation  charge  was  not  determined.  Personnel  at 
Ensign  Bickford  have  extensive  experience  with  the  design  of  these  systems,  and  the  mounting 
structure  would  have  been  included  in  their  design  of  the  actuation  system.  This  design  process 
however  was  not  completed,  and  the  exact  mounting  procedure  is  not  known. 

Assembling  the  bolt  thruster  involves  simply  screwing  the  thruster  into  the  attachment 
area  of  the  base  after  the  wires  are  fed  through.  Matching  0.625-18  threads  between  the  thruster 
and  bolt  thruster  holes  is  included  in  the  design.  The  bottom  plane  of  the  ejector  bolt  sits  flush 
with  the  aft  plane  of  the  base.  Tightening  of  the  housing  mount  would  be  accomplished  by  tight¬ 
ening  the  ejector  bolt  protrusion  if  necessary. 

Next  the  base  should  be  attaehed  to  the  flyer  itself.  Wire  connections  can  be  made  to  the 
circuits  and  controls  within  the  flyer.  The  connections  must  be  done  carefully  since  they  activate 
explosives  that  could  be  dangerous  if  not  wired  with  the  proper  safeties.  Once  the  wires  have 
been  connected  and  secured  to  survive  launch,  the  explosive  bolt  protruding  from  the  flyer  tail 
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module  is  inserted  into  the  base  parachute  cavity.  A  nut  is  placed  within  the  parachute  cavity  and 
tightened  over  the  bolt.  The  nut  is  tightened  until  it  is  flush  with  the  remaining  diameter  of  the 
chute  cavity. 

Assembly  of  the  remainder  of  the  parachute  system  can  proceed  after  attaching  the  base  to 
the  flyer.  The  parachute  plate,  with  the  swivel  and  parachute  attached,  can  be  inserted  into  the 
parachute  cavity  and  screwed  to  the  cavity  front  surface.  It  is  designed  to  fit  over  the  nut  of  the 
explosive  bolt.  The  parachute  is  then  folded  up  by  hand  and  inserted  into  the  parachute  cavity. 

Chute  cover  assembly  should  occur  prior  to  the  assembly  of  the  fins  to  the  base.  If  the  fins 
are  in  place  while  the  chute  cover  is  being  assembled,  it  will  make  the  cover  difficult  to  reach  and 
to  tighten  correctly.  Ejector  bolts  from  the  two  bolt  thrusters  should  protrude  equally  at  axisym- 
metric  locations  to  the  parachute  cavity.  Holes  in  the  chute  cover’s  arms  line  up  with  the  bolts 
extruding  from  the  base.  The  chute  cover  is  placed  down  over  the  cavity,  until  the  arm  bottoms 
are  flush  with  the  rear  of  the  base.  While  holding  the  cover  flush,  two  nuts  are  added  to  the  ejector 
bolts.  These  bolts  should  be  screwed  down  over  the  chute  cover  to  a  tightness  slightly  above  that 
used  on  the  bolt  thrusters  themselves.  Securely  tightening  does  not  affect  the  operation  of  the  bolt 
thruster,  since  the  entire  ejector  is  thrust  from  the  base  with  high  velocity  regardless  of  the  nut 
tightness. 

Assembly  of  the  fins  occurs  next  following  the  secure  attachment  of  the  cover.  Springs 
and  spring  clips  are  inserted  into  the  holes  beneath  the  fin  axle  areas.  Crush  pins  are  inset  into  the 
small  holes  on  the  outside  lip  of  the  fin  axle  area.  The  fin  is  inserted  into  the  area  and  pushes 
down  on  the  spring  clip  until  the  axle  lines  up,  and  the  axle  bolts  are  inserted  through  the  holes 
and  tightened.  Each  fin  is  attached  in  a  similar  manner  until  all  six  fins  are  successfully  assem¬ 
bled.  Correct  alignment  of  the  fins  may  be  necessary  and  should  be  done  in  consultation  with  the 
fin  designers.  Finally  the  fin  retainer  is  inserted  between  the  fins  and  into  the  trailing  edge 
notches,  the  retainer  plate  is  placed  over  the  bottom  of  the  fins,  and  the  modified  screw  is  tight¬ 
ened  between  the  retainer  and  plate. 

To  complete  the  assembly  of  the  complete  system,  all  components  must  be  attached  to  the 
projectile  body.  With  all  mechanisms  stowed,  the  base  and  flyer  assembly  is  carefully  inserted 
into  the  projectile  body.  Clamps  are  then  placed  into  corresponding  grooves  in  the  shell  and  base, 
and  tightened  together  around  the  connection  plane  with  the  bolts.  The  nose  eone  for  the  shell  is 
screwed  into  the  cavity  at  the  nose  ensuring  that  it  does  not  interfere  with  the  propeller  or  the  pro- 
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peller  spinner.  Figure  6.9  is  a  schematic  flow  of  the  assembly  process  for  the  base.  Assembly 
drawings  of  the  entire  assembly  (with  fins  deployed,  not  folded,  and  without  some  connections 
and  obturator)  is  shown  in  Figure  6.10. 


2)  Feed  actuation  wires  into  base  and 
screw  bolt  thrusters  into  holes  at  aft  end 
of  base 


5)  After  parachute  system  insertion,  place 
chute  cover  over  bolt  thrusters  and  tighten 
down  onto  thruster  (flyer  omitted  for  clarity) 


6)  Assemble  fins  onto  base  in  folded 
position  prior  to  insertion  of  flyer/  base 
into  shell  and  addition  of  clamps 
(flyer  omitted) 


Figure  6.9:  Schematic  of  Assembly  Process  for  Gun-Launched  Vehicle 


Figure  6.10:  Cross  Section  and  Model  Views  of  Assembled  Vehicle 

6.6  Preparation  for  Launch 

After  assembly  of  the  flight  support  system  and  the  successful  wiring  of  the  deployment 
systems  to  the  flyer  controls,  no  additional  preparation  for  these  components  is  necessary.  At  this 
point  the  vehicle  should  be  ready  for  launch  from  a  standard  five-inch  gun. 


6.7  Live  Fire  Test 


Originally  the  project’s  goal  was  to  fire  the  entire  vehicle  out  of  a  five-inch  gun  at  Dahl- 
gren  and  test  aspects  of  the  deployment  process.  A  visit  to  the  test  facility  in  the  summer  to  gather 
information  about  testing  facilities  revealed  challenges  to  receiving  permission  for  a  full  gun  test 
[7].  The  most  stringent  requirement  was  to  convince  the  test  personnel  that  test  items  had  a  one  in 
one  million  chance  of  landing  outside  the  test  range,  a  long  river  lined  by  private  property.  At  a 
second  visit  this  was  difficult  due  to  the  complicated  deployment  sequence,  unless  that  sequence 
occurred  at  a  very  low  altitude.  Personnel  also  felt  that  a  canister  test  would  be  more  useful  since 
the  launch  support  system  had  yet  to  be  tested.  A  live  fire  test  does  not  allow  the  vehicle  to  be 
retrieved,  which  was  undesirable  since  the  only  data  then  available  would  be  the  high  speed  pho¬ 
tography  of  the  launch  and  flight.  Prior  to  the  canister  test  decision,  the  live  fire  test  was  designed 
to  test  many  aspects  of  performance,  including  the  structural  integrity  of  the  individual  compo¬ 
nents  assembled  as  an  entire  vehicle.  Yet  if  the  structure  had  failed,  then  the  deployment  process 
would  not  be  tested,  and  the  shell  and  flyer  would  likely  be  destroyed.  With  the  decision  to  pro¬ 
ceed  with  the  canister  test  to  test  the  structure,  it  was  proposed  to  test  the  deployment  process 
using  a  dummy  flyer.  Due  to  the  cost  of  a  live  fire  test,  further  design  and  testing  work  for  the 
explosives,  and  reluctance  of  the  testing  personnel  the  team  decided  not  to  pursue  a  live  firing  of 
the  vehicle  prior  to  the  conclusion  of  the  current  team’s  schedule.  This  did  not  have  a  significant 
impact  on  the  concept  demonstration,  since  the  main  purpose  of  the  HGV  was  to  test  the  acceler¬ 
ations  of  launch,  which  was  accomplished  with  the  canister  test.  An  unknown  factor  in  the  suc¬ 
cess  of  the  design  remains  the  proper  functioning  of  the  deployment  system,  which  could  be 
determined  with  further  testing. 

6.8  Projected  Performance 

Throughout  the  project  the  performance  of  the  Operational  Vehicle  was  predicted  based 
on  the  design  of  the  HGV.  Data  for  gun  elevation,  launch  accelerations,  ballistic  flight  speed,  and 
drag  of  the  launch  and  flight  support  system  was  included  in  the  analysis.  Deployment  timing  was 
estimated,  and  together  with  the  vertical  speed  and  altitude,  a  minimum  deployment  altitude  was 
determined  to  be  3,000  feet.  A  maximum  altitude  for  successful  engine  start  was  estimated  to  be 
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7,500  feet.  Within  this  window,  the  deployment  sequence  had  to  occur,  and  the  flyer  begin  its 
mission  with  sufficient  altitude  remaining.  Engine  performance  combined  with  the  fuel  volume 
indicated  twelve  minutes  of  powered  flight  was  possible.  Following  engine  shut  down,  and 
depending  on  the  altitude,  the  flyer  could  gUdP  for  about  five  minutes.  This  data  was  plotted  to 
determine  the  reconnaissance  area  based  op  sensor  resolution,  gun  elevation,  altitude  at  deploy¬ 
ment,  and  ballistic  range.  A  three  dimensional  plot  shown  in  Figure  6. 1 1  was  used  to  compare  the 
size  of  the  possible  reconnaissance  areas. 


Flyier  Ffangp,  Qun  Launch  pi i^Survailbnoe  Area 


launch  elevaibn  (c^g) 


Figure  6.11:  Projected  Reconnaissance  Area  as  a  Function  of  Range,  Launch  Elevation,  and  Deployment 

Altitude 


This  plot  was  further  divided  into  simpler  plots  for  each  gun  elevation.  Since  the  ability  to 
perform  reconnaissance  at  a  range  similar  to  current  artillery  rounds  is  important,  a  flight  profile 
was  created  where  the  flyer  would  deploy  at  the  best  possible  range,  fly  straight  to  reach  the  max¬ 
imum  artillery  range  of  fifteen  nautical  miles,  and  then  begin  the  search  pattern.  These  areas  were 
plotted  and  compared,  and  demonstrated  a  slight  reduction  in  area  after  using  fuel  to  reach  the 
necessary  range.  Another  profile  for  straight  flight  was  added  to  determine  the  absolute  maximum 
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range  for  the  vehicle  using  powered  and  gliding  flight.  This  data  was  combined  on  plots  for  each 
gun  elevation.  A  plot  for  the  optimum  gun  elevation  of  forty  degrees  is  shown  in  Figure  6. 12. 
More  detailed  discussion  of  these  results  can  be  found  in  [18]  and  [31]. 


1  Ftyier  Flghi  Prollle,  Gun  Launch  plis  Survaillance  Area,40  Launch  Etev 


7.0  Conclusions  and  Recommendations 

Following  sections  include  suggestions  and  observations  for  further  work  on  the  design  of 
the  WASP  vehicle  and  lessons  learned  that  may  prove  helpful  with  similar  projects  in  the  future. 

Draper  Laboratories  will  receive  the  work  performed  by  the  students  to  further  pursue  the 
product  development  or  spin-off  technologies.  Draper’s  capabilities  in  designing  sensors  and 
micromechanical  devices  and  their  prior  experience  with  smart  munitions  will  make  possible  the 
complete  integration  and  design  of  the  WASP  system,  allowing  them  to  deliver  the  technology  as 
a  solution  to  the  national  need  identified  in  the  first  year  of  the  project.  This  will  significantly 
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reduce  the  time  from  project  end  to  production  for  Draper  since  two  years  worth  of  design  work 
will  have  been  performed  by  the  students. 

MIT  benefited  from  the  program,  because  it  provides  an  outside  source  of  funding  for 
many  graduate  students  and  thesis  subjects,  fthd  exposed  the  students  to  real-world  product  devel¬ 
opment,  design,  and  testing.  The  nature  of  the  project  required  extensive  system  engineering 
issues  to  be  addressed,  allowing  graduate  students  valuable  and  real  exposure  to  this  area.  The 
students  learned  communication  skills  and  gained  experience  in  team  design  where  cooperation 
and  good  team  dynamics  are  necessary  for  success.  The  success  of  the  project  and  possible  tech¬ 
nology  spin-offs  applied  to  other  research  programs  demonstrates  the  ability  of  MIT  students  to 
compete  in  industry  product  development,  and  reflects  well  upon  the  education  and  facilities  pro¬ 
vided  by  the  Department  of  Aeronautics  and  Astronautics. 

An  unforeseen  benefit  of  a  student-focused  product  development  team  was  the  immense 
amount  of  assistance  received  from  outside  sources.  During  development  of  the  launch  and  flight 
support  system  the  author  was  able  to  receive  three  illumination  round  projectile  bodies  and  two 
sets  of  SAL-GP  fins  at  no  cost  to  the  project.  Personnel  at  Dahlgren,  Crane,  Special  Devices, 
Incorporated,  Ensign  Bickford,  numerous  other  explosive  companies,  and  other  private  industry 
contacts  provided  assistance  and  information  that  improved  system  development.  Picatinny  Arse¬ 
nal  supported  multiple  tests  at  their  airgun  facilities.  Canister  testing  at  Dahlgren  occurred  on  the 
same  day  as  an  outside  company,  reducing  the  cost  by  half,  and  was  fully  supported  by  Dahlgren 
personnel.  The  team  was  often  able  to  purchase  supplies  and  equipment  at  educational  prices 
instead  of  the  premium  prices  charged  to  private  industry.  Student  involvement  in  this  project 
saved  thousands  of  dollars  and  allowed  extensive  free  consultation  with  outside  experts.  Benefits 
of  this  arrangement  are  aptly  demonstrated  by  the  success  of  the  project  and  the  high  regard 
industry  experts  have  for  the  vehicle  design. 

7.1  Future  System  Design  and  Testing 

7.1.1  Shell  Choice 

Design  of  the  next  generation  illumination  round  for  the  Navy  is  proceeding.  It  is  very 
similar  to  the  present  design  except  for  the  aft  end,  which  tapers  into  a  boat  tail  and  reduces  the 
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drag  during  the  ballistic  flight  by  up  to  twenty-five  percent  [14].  An  exposed  cavity  in  the  aft  end 
also  decreases  drag  in  the  few  seconds  following  launch.  A  reduction  in  wall  thickness  at  the 
shell  base  from  the  boat  tail  required  a  quarter  inch  decrease  in  inner  diameter.  These  changes 
result  in  less  cargo  volume  but  increased  range. 

This  new  design  is  currently  being  qualified  by  the  Navy  for  use  and  replacement  of  the 
current  shell.  These  design  changes  to  the  shell  could  increase  the  WASP  vehicle’s  ballistic 
range,  an  important  performance  measure  for  WASP.  The  new  shell  is  likely  to  replace  the  old 
design,  which  may  make  acquisition  of  old  projectile  bodies  more  difficult.  On  the  other  hand, 
producing  WASP  could  provide  a  way  to  use  the  old  projectile  bodies.  If  a  similar  project  were  to 
be  pursued  in  the  near  future,  this  shell  could  be  chosen  over  the  older  design.  The  reduction  in 
wall  diameter  would  not  be  a  problem  if  the  current  trend  in  reducing  the  size  of  electronic  com¬ 
ponents  continues. 

7. 1 .2  Integration  with  Existing  Navy  Guns  and  Gun  Mounts 

In  order  to  become  fleet  qualified,  the  current  design  must  be  compatible  with  the  auto¬ 
matic  gun  mounts  used  today.  A  definitive  answer  to  this  question  was  not  determined  for  the  cur¬ 
rent  design,  due  to  increase  in  length  of  the  overall  vehicle  compared  to  current  shells.  Testing  in 
an  actual  gun  auto-loading  system  would  confirm  whether  the  vehicle  interfaced  correctly.  Deter¬ 
mining  actual  performance  during  launch  would  require  the  launch  of  a  vehicle  with  identical 
exterior  design  and  weight  distribution.  Prior  to  a  real  gun  launch  of  a  fully  functional  vehicle, 
obturator  placement  and  function  should  be  tested  to  ensure  that  increasing  shell  length  does  not 
affect  performance. 

7.1.3  Stabilization 

If  length  is  a  problem,  removal  of  the  fins  in  favor  of  spin  stabilization  may  be  possible. 
Careful  placement  of  components  within  the  flyer  would  be  necessary,  but  would  significantly 
reduce  the  complexity  of  the  base  design.  Existing  shell  obturators  could  be  used,  reducing  the 
need  for  removal  and  assembly  of  a  new  obturator.  Spinning  would  require  a  point  in  the  deploy¬ 
ment  process  where  the  flyer  is  de-spun,  perhaps  during  deceleration  or  by  the  control  surfaces 
themselves.  The  electronics  within  the  flyer  would  also  have  to  operate  without  being  affected  by 
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spinning.  A  trade  study  determining  which  approach  would  be  more  advantageous  should  occur 
at  a  point  in  the  design  process  when  these  questions  can  be  answered. 

7.2  Lessons  Learned 

The  following  suggestions  relate  less  to  the  design  of  the  flyer  than  to  the  organization  and 
operation  of  the  graduate  student  design  teams  assigned  to  similar  projects.  They  are  aimed  at 
using  the  author’s  experience  in  the  MIT/  Draper  Technology  Development  Project  to  improve  the 
operation  and  performance  of  future  graduate  student  teams. 

7.2. 1  Design  Flow  and  Communication 

The  author  suggests  that  a  team  folder  or  some  sort  of  data  log  be  kept  that  includes  copies 
of  all  important  papers  or  decisions  and  is  accessible  to  the  entire  team.  Useful  documents  such 
as  old  presentation  slides  should  also  be  kept  in  a  location  known  and  available  to  everyone.  Poor 
communication  was  not  a  recurring  problem  but  did  occur.  Occasionally  design  choices  and  work 
was  performed  with  inadequate  information  or  with  data  that  had  recently  changed,  but  none  of 
these  instances  led  to  extensive  rework.  Many  of  these  problems  were  eased  by  the  use  of  a  single 
directory  on  one  workstation  that  contained  all  of  the  design  models,  from  which  detailed  infor¬ 
mation  was  available.  This  directory  often  became  cluttered  but  was  a  very  useful  tool  in  updat¬ 
ing  system  design  and  granting  access  to  all  users. 

Often  effective  communication  did  not  occur  between  the  students  prior  to  the  weekly 
meetings.  Important  or  controversial  decisions  should  be  reviewed  by  the  students  prior  to  official 
meetings  so  that  all  members  are  prepared.  Generally  when  prior  communication  occurred  the 
students  were  able  to  explain  the  decision  and  satisfy  inquiries  more  efficiently.  A  short  weekly 
meeting  of  just  the  students  occurring  just  before  the  official  meeting  or  even  a  day  or  two  prior 
may  have  improved  the  honest,  straightforward  communication  within  the  team,  avoided  team 
member  conflict  during  meetings,  and  reassured  the  meeting  participants  of  successful  ongoing 
system  design. 


7.2.2  Scheduling 


The  Draper  Project  was  often  beset  with  scheduling  problems,  resulting  in  the  repeated 
delay  and  rescheduling  of  tasks,  that  almost  jeopardized  completion  of  the  project.  The  author 
learned  that  some  of  his  own  delays  resulted  from  inaccurate  time  estimates  for  completing  work. 
Waiting  for  important  communication  or  hardware  from  outside  contacts,  not  scheduling  for  aca¬ 
demic  loads,  computer  or  hardware  failure,  and  not  anticipating  the  complexity  of  work  correctly 
were  the  primary  reasons  for  the  delays.  A  solution  is  likely  not  in  the  method  or  operation  of 
scheduling  but  rather  in  the  creation.  Individuals  who  set  their  own  personal  schedule  that  feeds 
into  the  larger  schedule  should  be  careful  in  estimating  time  and  anticipating  possible  delays. 
Often  tasks  are  more  complicated  and  take  longer  than  anticipated.  Combining  estimate  error 
from  all  team  members  can  lead  to  overall  project  delays  and  risk  successful  completion. 

7.2.3  Team  Structure 

Improvement  of  the  scheduling  and  formation  of  the  Draper  Project  teams  could  assist  the 
project  and  avoid  inefficient  use  of  the  time  available  in  a  two  year  project.  The  author  believes 
that  every  team  member  incoming  for  the  second  year  should  be  required  to  join  the  design  team 
in  the  first  summer,  soon  after  the  first  team  completes  their  work.  This  allows  for  every  team 
member  to  come  up  to  speed  on  the  project  at  the  same  pace,  and  work  to  be  evenly  divided  from 
the  start  of  the  intensive  design  process.  Team  members  may  begin  the  required  academic  course 
work  earlier,  reducing  the  work  load  during  the  traditional  academic  terms  resulting  in  more  con¬ 
sistent  work  over  the  entire  year.  The  incorporation  of  some  team  members  in  the  summer  and 
more  a  few  months  later  is  disruptive  and  limits  the  ability  of  the  late  team  members  to  become 
involved  in  their  area  of  interest.  Two  year  team  members  should  also  attempt  to  limit  time  away 
from  the  project  during  the  summer  between  the  two  years,  although  this  would  be  difficult  with 
many  pursuing  professional  internships. 

The  use  of  a  student  program  manager  is  useful  and  should  be  continued.  The  systems 
engineering  aspect  of  the  position  is  a  valuable  education,  gives  a  more  consistent  overall  integra¬ 
tion  to  the  design  of  the  vehicle,  and  can  provide  team  members  with  useful  tools  to  ease  the 
design  choices  and  base  them  on  relevant,  reliable  data.  The  student  manager  would  be  more 
effective  throughout  the  project  effort  if  that  person  was  the  same  for  both  years.  The  team  mem- 


102 


ber  would  pursue  a  Masters  of  Science  or  a  two  year  Masters  of  Engineering.  The  author  believes 
this  would  help  to  ease  the  transition  from  the  first  year  to  the  second  year  and  provide  a  more 
complete  picture  of  the  project’s  progression  from  a  student  point  of  view.  These  two  changes 
outlined  above  could  result  in  a  smoother  transition  process,  a  more  complete  view  of  the  project 
goals  and  process  flow,  and  more  time  spent  accomplishing  project  goals  instead  of  integrating 
new  team  structures. 
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Appendix  A  -Test  Vehicle  Requirements  at  Start  of  Second  Year 
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Test  Vehicle  Requirements 
Version  1.0 


1.  High-g  Test  Vehicle  (HGTV) 


1.1  Purpose 

The  purpose  of  the  HGTV  shall  be  to  validate  the  structural  design  of  the  WASP 
vehicle.  It  does  not,  initially,  need  to  demonstrate  other  functionality  of  the  vehicle 
(computer  systems,  sensors,  communications,  etc.),  but  should  accurately  reflect  the 
structural  design  and  layout  of  the  operational  vehicle.  This  vehicle,  should,  however,  be 
able  to  be  modified  to  an  operational  configuration  if  components  become  available  to 
facilitate  such  an  upgrade. 


1.2  Structure 

As  a  vehicle  intended  for  high-g  tests,  the  HGTV  must  be  able  to  withstand  g-loads 
representative  of  those  encountered  by  an  operational  WASP  vehicle.  All  structures, 
therefore,  must  be  designed  to  withstand  these  loads.  Thus  both  the  external  shell  of  the 
vehicle  as  well  as  any  and  all  internal  support  structures  and  surfaces  (wings,  tails, 
mounting  points,  etc.)  must  be  designed  to  these  loads. 

In  addition,  for  any  component  not  included  in  the  HGTV  (see  below), 
“placeholder”  weights  must  be  included.  These  weights  should  accurately  represent  the 
weight,  density,  and  shapes  of  the  components  they  are  replacing. 


1.3  Aerodynamic  Configuration,  Systems,  and  Depioyment 

Although  intended  for  high-g  testing  only,  the  HGTV  must  incorporate  any  and  all 
aerodynamic  surfaces  that  will  be  used  on  the  operational  vehicle  (wings,  tail  surfaces, 

.  propeller).  These  surfaces  must  be  mounted  as  they  would  be  on  the  operational  vehicle. 
It  is  not  required  for  flight  control  actuators  to  be  included  in  the  HGTV,  but  placeholder 
weights  must  be  used  (see  section  1.2). 

Although  the  deployment  system  for  the  flight  surfaces  does  not  need  to  be 
incorporated  into  the  HGTV,  all  surfaces  must  be  able  to  be  manually  deployed  to  confirm 
functionality  after  high-g  testing.  If  possible,  every  effort  should  be  made  to  include  the 
operational  deployment  systems  on  the  HGTV. 


1.4  Propuision  Systems 

Since  the  propulsion  system  will  be  subjected  to  its  own  series  of  high-g  tests,  it 
does  not  need  to  be  included  in  the  HGTV.  If  the  propulsion  system  has  passed  its  high-g 
tests,  however,  every  effort  should  be  made  to  include  the  propulsion  system  in  the 
HGTV.  If  the  propulsion  system  is  not  included  in  the  HGTV,  placeholder  weights  must 
be  used  in  its  place  (see  section  1.2). 


1.5  Autonomy/Flight  Control  Systems 

No  computer  systems  related  to  autonomy  aspects  of  WASP  need  to  be  included  in 
the  HGTV.  Placeholder  weights  must  be  used  to  represent  these  components,  however, 
and  the  vehicle  should  be  capable  of  being  modified  to  accommodate  these  systems  in  the 
future. 


1.6  Communications 

There  is  no  need  to  include  communications  systems  on  the  HGTV  beyond  systems 
used  for  data  collection  about  the  high-g  tests.  The  HGTV  should,  however,  be 
manufactured  to  allow  for  such  systems  to  be  incorporated  at  a  later  date. 


1.7  Sensor  Systems  , 

No  sensor  systems  need  to  be  incorporated  into  the  HGTV.  Placeholder  weights 
must  be  used,  however,  and  the  HGTV  should  be  capable  of  being  modified  to 
accommodate  sensor  system  components  in  the  future. 


1.8  Self-Destruct  Mechanism 

No  self-destruct  mechanism  needs  to  be  incorporated  into  the  HGTV.  Placeholder 
weights  must  be  used,  however,  and  the  HGTV  should  be  capable  of  being  modified  to 
accommodate  the  self-destruct  mechanism  in  the  future. 


1.9  Ground  Station 

No  ground  station  or  related  systems  need  to  be  developed  for  the  HGTV. 


2.  Air  Drop  Test  Flyer  (ADTV) 


2.1  Purpose 

The  purpose  of  the  ADTV  is  to  demonstrate  the  aerodynamic  configuration  of  the 
operational  WASP  vehicle.  Since  validation  of  the  aerodynamic  configuration  is  the 
vehicle’s  primary  mission,  every  effort  must  be  made  to  ensure  that  the  vehicle  accurately 
represents  the  operational  aerodynamic  configuration  of  WASP.  While  the  vehicle’s 
structure  should  be  designed  for  the  high-g  environment,  its  components  need  not  be.  In 
addition,  while  it  is  desired  that  the  ADTV  demonstrate  some  of  the  functionality  of  the 
operational  system  (autonomy,  sensors,  communications,  etc.),  such  functionality  can  be 
sacrificed  to  achieve  a  configuration  which  exactly  represents  that  of  the  operational 
vehicle.  The  vehicle  should  be  capable  of  being  modified  to  include  the  components 
needed  to  achieve  full  system  functionality  if  they  become  available  in  the  future. 


2.2  Structure 

The  ADTV’s  internal  structure  and  external  shell  should  be  designed  to  the  high-g 
environment  of  the  operational  vehicle.  In  this  regard,  the  ADTV  and  the  HGTV  should  be 
identical.  However,  no  internal  components  of  the  ADTV  (electronics,  engine,  etc.),  need 


to  be  capable  of  withstanding  these  loads.  In  addition,  since  the  ADTV  is  to  serve  as  an 
aerodynamic  model  of  WASP,  all  components  should  be  distributed  to  achieve  the  proper 
weight  and  balance  of  the  operational  vehicle.  If  needed,  additional  weights  should  be 
placed  in  the  vehicle  to  achieve  this  distribution. 


2.3  Aerodynamic  Configuration,  Systems,  and  Depioyment 

As  stated  in  section  2.1,  the  ADTV  must  be  an  exact  representation  of  the 
operational  vehicle  in  terms  of  its  aerodynamic  configuration.  In  addition,  all  flight  control 
surfaces  must  be  operational,  and  the  vehicle  must  demonstrate  that  it  is  controllable,  either 
via  on-board  electronics  or  by  remote  control  (see  section  2.5  below). 

The  ADTV  should  also  be  capable  of  demonstrating  the  deployment  of  all  flight 
control  surfaces,  as  well  as  other  deployable  structures.  The  deployment  mechanisms  must 
be  at  least  demonstrated  in  testing  on  the  ground,  and  should  also  be  demonstrated  in  flight 
(i.e.,  vehicle  released  in  stowed  configuration,  then  transforms  into  deployed 
configuration). 


2.4  Propuision  Systems 

The  ADTV  must  have  an  operational  propulsion  system.  This  system  should  be  an 
accurate  reflection  of  the  system  that  will  be  used  on  the  operational  WASP  vehicle.  The 
ADTV  does  not,  however,  need  to  demonstrate  the  complete  loiter  time  or  range  of  the 
operational  vehicle  if  space  that  would  be  used  for  fuel  is  devoted  to  other  equipment.  If  a 
complete  fuel  load  is  carried  by  the  ADTV,  however,  it  should  be  capable  of  demonstrating 
the  operational  mission  performance. 


2.5  Autonomy/Flight  Controi  Systems 

Systems  related  to  vehicle  autonomy  and  flight  control  must  at  least  include  those 
systems  required  to  ensure  that  the  vehicle  is  stable  in  flight  (if  such  systems  are  required). 
Any  additional  systems  related  to  vehicle  autonomy  can  be  included  at  the  design  team’s 
discretion.  The  only  restriction  is  that  the  vehicle  must  always  conform  to  the  operational 
vehicle’s  aerodynamic  configuration.  If  the  inclusion  of  autonomy-related  systems  would 
jeopardize  this  requirement,  the  systems  will  not  be  included.  Any  autonomy  related 
systems  that  are  included  in  the  design,  however,  do  not  need  to  be  g-hardened. 

In  the  event  that  the  vehicle  can  not  accommodate  autonomy  related  systems,  the 
ADTV  should  be  designed  to  operate  as  a  remotely  piloted  vehicle.  All  components  for 
such  operation  should  then  be  included  in  the  vehicle,  and  appropriate  weights  added  to 
ensure  that  the  vehicle  still  conforms  to  operational  vehicle’s  weight  distribution. 


2.6  Communications 

Any  communications  systems  included  in  the  ADTV  should  match  the  needs  of  the 
vehicle.  In  the  event  that  the  vehicle  includes  autonomy  related  systems,  the 
communications  system  should  be  capable  of  relaying  basic  telemetry  about  the  vehicle’s 
state  (position,  attitude,  altitude,  velocity).  If  a  sensor  is  included  in  the  ADTV,  the 
communications  system  should  be  capable  to  relaying  imagery  to  the  ground.  In  addition, 
if  an  operational  ground  station  has  been  developed,  the  communications  system  should  be 
capable  of  handling  transmissions  between  the  ADTV  and  the  ground  station.  (See  section 
2.5  above  and  sections  2.7  and  2.9  below). 


2.7  Sensor  Systems 

A  sensor  should  be  included  in  the  ADTV.  The  purpose  of  the  inclusion  of  the 
sensor  is  to  gain  some  data  regarding  image  quality  from  an  operational.  WASP  vehicle. 
This  sensor  does  not  need  to  be  g-hardened,  but  should  allow  for  transmission  of  imagery 
to  the  ground. 


2.8  Self-Destruct  Mechanism 

No  self-destruct  mechanism  needs  to  be  included  in  the  ADTV.  However,  the 
vehicle  should  be  capable  of  being  modified  to  include  such  a  mechanism  in  the  future. 


2.9  Ground  Station 

Every  effort  must  be  made  to  prepare  some  degree  of  functionality  in  a  ground 
station  for  the  ADTV.  This  functionality  is  dependent  upon  other  factors  in  the  ADTV 
design: 


•  If  the  ADTV  is  remotely  piloted,  the  ground  station  must  incorporate  the  user 
controls  to  facilitate  remote  operation  of  the  vehicle. 

•  If  a  sensor  is  incorporated  into  the  ADTV,  the  ground  station  must  be  capable  of 
displaying  images  sent  back  from  the  flyer. 

•  If  autonomous  systems  are  included  in  the  ADTV,  the  ground  station  must  do 
one  of  the  following: 

•  If  two  way  communications  are  available,  the  ground  station  should  be 
•capable  of  sending  commands  to  the  ADTV’s  computer. 

•  If  two  way  communications  are  not  available,  ground  station  commands 
(i.e.,  a  command  stack)  should  be  downloaded  into  the  ADTV  prior  to  its 
flight  so  that  the  vehicle  can  operate  as  though  it  was  receiving  a  series  of 
commands  from  the  ground. 

No  matter  what  systems  are  eventually  incorporated  into  the  ADTV,  the  ground  station 
must  be  capable  of  receiving  and  displaying  any  telemetry  sent  by  the  ADTV. 


3.  Note  on  ADTV/HGTV  Commonality 

Since  both  vehicles  are  to  include  structures  that  can  withstand  the  high-g 
environment  of  the  operational  .vehicle,  the  possibility  does  exist  for  the  functions  required 
of  the  two  vehicles  to  be  incorporated  into  a  single  vehicle.  If  such  an  option  were  to  be 
pursued,  a  mechanism  would  have  to  be  included  in  the  design  to  facilitate  the 
addition/removal  of  systems  to  be  used  in  the  drop  tests  but  not  the  g-tests  after/before  such 
tests  were  conducted.  It  would  be  up  to  the  discretion  of  the  team  to  determine  which 
vehicle  configuration  to  construct  first,  depending  on  test  plans. 


Appendix  B  -Component  Lists  for  the  Flight  Test  Vehicle  (referred  to  as  Air  Drop) 

and  the  Operational  Vehicle 
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Appendix  D 


-Engineering  Drawings  for  the  Mark  48  Mod  1  Illumination  Projectile 
Body  and  Base  Plug 
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Appendix  E  -Explosives  Reference  Data  Applicable  to  System  Design 
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Ir-nsign 


I  Idickford 

AEROSPAI^E  DIVISION 


1.  general  INFORMATION 

Mild  Detonating  Fuse  (MDF)  is  a  continuous  explosive  core  encased  in  a  seamless  metal  sheath. 
With  proper  initiation  stimulus,  the  explosive  core  detonates  at  a  uniform  rate  as  governed  by 
characteristics  of  the  explosive  and  density  of  the  explosive  core. 


METAL  SHEATH 


EXPLOSIVE  CORE 


MILD  DETONATING  FUSE 


Ensian  Bickford  produces  a  variety  of  MDF  configurations  for  applications  demanding  hi^  relia¬ 
bility  in  functions  such  as  energy  transmission,  work,  timing  and  shock  effects.  High  reliabi  ty  is 
inherent  because  of  the  continuous  explosive  core  and  the  environmental  and  structural  protection 
afforded  by  the  seamless  metal  sheath.  MDF  is  flexible  and  can  be  formed  to  suit  individual  appli- 

cations. 

Ensian  Bickford  poineered  the  development  of  linear  explosive  products  and,  in  conjunction  with 
the  growth  of  space  technology,  developed  Low  Energy  Detonating  Cord  (LEDC).  LEDC,  which  is 
now  know  as  Mild  Detonating  Fuse  (MDF),  has  undergone  further  development  greatly  increasing 
product  line  and  capabilities.  With  over  25  years  of  experience  in  development  and  production  of 
MDF  and  associated  items.  Ensign  Bickford  offers  a  complete  capability  to  supply  MDF  and 
systems  employing  MDF  to  exacting  requirements. 

Descriptions  of  MDF  construction,  applications  and  types  follow.  For  further  information,  contact 
the  Aerospace  Division,  Marketing  Department,  at  our  Simsbury,  Connecticut  facility. 
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2.  CONSTRUCTION  AND  PERFORMANCE 


The  explosive  material,  coreload,  sheath  material,  diameter  and  detonation  velocity  of  MDF  can  be 
tailored  to  provide  specific  performance  and  environmental  capability. 

Explosives 

PETN,  RDX  and  HNS  are  the  most  frequently  used  explosives  in  Ensign  Bickford  MDF;  large 
quantities  of  MDF  and  Linear  Shaped  Charge  (LSC)  have  been  produced  using  DiPain,  CH-6, 
PBXN-5,  HNAB  and  HMX.  In  addition,  explosives  such  as  NONA,  OCTA,  TACOT,  DATE  and 
PBXC-12  have  been  used  in  production  and  study  programs.  Descriptions  of  PETN,  RDX  and  IINS 
follow: 

PETN,  Pentaerythritol  Tetranitrate,  is  an  easily  initiated  secondary  high  explosive  comnionly  used 
in  linear  explosive  products.  A  large  use  of  PETN  is  in  Primacord®  detonating  fuse.  PETN  is  whit(' 
in  color,  has  a  melting  point  of  286°  F  and  a  detonation  rate  of  8300  meters  per  second  at  a  d('n- 
sity  of  1.7  g/cc.  PETN  MDF  possesses  relatively  low  temperature  n^sistance;  250°  F  in  most  appli¬ 
cations  is  the  maximum  temperature  it  can  withstand  for  a  short  time  period  (under  30  niintiles) 
without  degrading.  PETN  used  by  Ensign  Bickford  meets  requirements  of  specification  MlL-P-387. 

RDX,  Cyclotrimethylene  Trinitramine.  has  lower  initiation  sensiti\  it\  and  can  withstand  higher 
temperature  than  PETN.  It  is  naturally  white  iu  color  but  is  frequentl}  dyed  pink  for  use  in  linear 
explosive  products.  Melting  point  of  RDX  is  399°  F:  tlie  detonation  \  eIoeity  is  8180  ni(‘l('rs  per 
second  at  a  density  of  1.65  g/cc.  Temperature  resistance  of  RDX  MDF  is  (!(*]jc*iulent  on  shealli 
material  strength  and  RDX  puritv.  Most  RDX  MDF  will  withstand  300°  F  orslighlK  higluM*  lor  1/2 
hour.  RDX  used  by  Ensign  Bickford  is  virgin  RDX-typ(‘  B  conforming  to  specification  MIL-R-398. 

HNS,  Hexanitrostilbene,  has  lower  initiation  sensitivity  than  RDX  and  PETN  and  meets  the  initia¬ 
tion  sensitivity  criteria  of  MlL-STD-1316.  IINS  is  pale  yellow  in  color,  iias  a  nudting  point  of 
601°  F  and  a  detonation  rate  of  6900  meters  per  second  at  a  (iensit\  of  1 .6  Temperature 
resistance  of  HNS  is  excellent,  HNS  II  MDF  has  satisfactorily  perrorinecl  after  7  da\  s  exposure  of 
460°  F.  HNS  used  by  Ensign  Bickh)rd  in  MDF  is  lvp(’  11  conforming  to  W  S  5003  F.  Two  gra<!(‘s  of 
HNS  II  arc  covered  by  WS  5003.  Grade  A  has  bcn\  snbj<*cle(l  to  and  passed  s(Misili\il\  and  oulpiil 
tests  of  WS  5003:  grade  B  has  not  been  subjected  to  thos('  t('sts  hut  nuM'ts  ail  other  ri*(|iiir(‘m(‘nls  ol 
WS  5003.  Ensign  Bickford  produces  HNS  11  with  the  Organic  Pren  t'ss  using  Acelonilrih'  ToIikmk' 
originally  d(‘veIoped  by  Tavlor  and  Oesterling  at  tiu'  Na\\  Sur(ac(*  \\('apons  (^ent('r  \\  hilt*  Oak 
Laboratory. 
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Sheath  Materials 

The  most  frequently  used  Ml)!’  slu'atl.  materials  are  lead,  aluminum  and  silver;  Inconel*,  Invar**, 
stainless  steel,  copper  and  other  materials  have  been  used  for  special  applications. 

Lead  Sheathing  is  6%  antimoiiial  lead  lonforming  to  specification  MIL-L-18331.  Lead  sheathed 
MDF  is  economical,  easily  formed  and  has  good  flexure  capabilit) . 

Aluminum  Sheathing  used  in  Ensign  Bickford  MDF  is  extremely  pure  and  soft.  J 

MDF  contrasted  to  lead  sheath  MDF  has  higher -tensile  strength,  lower  weight  and  retain,  strengt 
at  higher  temperatures.  Detonation  velocity  of  a  given  explosive  and  coreload  m  aluminum  sheath 
MDF  is  tvpicallv  higher  than  in  lead  sheath  MDF  because  a  higher  explosive  core  density  is  a- 
chieved.  ALninum  is  more  transparent  to  high  energy'  radiation  than  lead  or  silvc.  and,  theiefor  , 
provides  high  survivability  in  such  environments. 

Silver  Sheathing  is  u.sml  most  frequently  with  HNS  II  explosive.  Only  high  purity  silver  \s  used  m 
Ensign  Bickford  MDF.  Silvrr  sheatln-d  MDF  has  higher  strength  than  aluminum  and  lead  shea  hed 
MDF  but  is  more  expensive.  IJelonation  velocity  of  HNS  in  silver  is  higlier  than  that  displayed  by 
HNS  in  aluminum  or  lead  b.'catise  a  higher  explosive  core  density  is  achieved. 

Reinforcing  Materials 

Reinforcing  materials. are  applied  to  MDF  for  increased  tensile  strength,  abrasioiyesistance  vibra¬ 
tion  and  shock  protection,  and  resistance  to  damage  from  flexing.  Materials  applied  over  MDF  vary 
from  plastic  jackets  to  plastic  jackets  plus  high  strength  woven  structures  such  as  fiberglass  oi 
Kevlar®.  Polyethylene  is  the  most  widely  used  rcinforcemimt:  other  materials  extruded  onto  i  IDF 
include  nvlon.  Teflon®.  Kvnar®,  polyvinylchloride,  urethane,  foam  plastic  and  vinyl.  Extiudc 
multiple  layer  jackets  have  been  produced  such  as  polyethy  lene  over  the  MDF  and  nylon  over  the 
polyethylene.  Silicone  rubber  reinforcement  has  also  been  used;  it  is  usually  extruded  STpai a  e  y 
and  theVlDF  is  then  inserted  into  the  silicone  rubher.  Plastie.s  are  (extruded  over  the  i'  m  a 
controlled  process  that  provides  intimate  contact  with  the  MDF  and  close  dimensional  contro  . 
Plastic  reinforcement  by  direct  extrusion  is  superior  to  heat  shrink  reinforcement  for  re.asons  o 
lower  cost  and  superior  dimensional  control. 
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Woven  materials  applied  over  plastic  reinforced  MDF  include  fiberglass.  Kevlar,  nylon,  ra}  on. 
polypropylene  and  steel  wire.  Construction  of  plastic  reinforced  MDF.  layer  plastic  reinrorcocl 
MDF  and  MDF  with  plastic  and  woven  reinforcement  is  shown  in  the  following  illustrations. 


PLASTIC  REINFORCED  MDF 


PLASTIC 


METAL  SHEATH 


EXPLOSIVE 


LAYER  PLASTIC  REINFORCED  MDF 


SECOND  PLASTIC  LAYER 


FIRST  PLASTIC  LAYER 


■METAL  SHEATH 


EXPLOSIVE 
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3.  SELECTION  AND  APPLICATIONS 


Selection  of  MDF  must  be  based  on  the  function  to  be  performed,  environments  that  wUl  be 
experienced  in  service,  weight,  flexibility  required,  initiation  sensitivity  and  available  initiation 
stimulus.  Usually,  analysis  of  requirements  for  the  overall  system  allows  early  selection  of  the  ex¬ 
plosive,  coreload  and  diameter  (or  geometry)  of  the  MDF  required  to  perform  the  particular  func¬ 
tion.  In  many  cases,  MDF  or  MDF  assembly  designs  are  available  that  will  satisfy  new  system  re¬ 
quirements  with  little  or  no  changes.  General  considerations  in  selecting  MDF  follow. 

Energy  Transmission 

Low  coreload  MDF  is  used  for  transmission  of  explosive  energy  from  a  point  of  initiation  to  an 
output  function  with  little  or  no  disturbance  imparted  to  adjacent  components.  End  terminations 
with  a  gradual  increase  of  explosive  load  are  usually  employed  to  intensify  output  for  function  of 
the  next  item  and  to  accept  initiation.  Typical  MDF  explosive  coreloads  for  energy  transmission 
are  2  or  2.5  grains  per  foot;  lower  coreloads  such  as  one  grain  per  foot  can  be  used  to  further  de¬ 
crease  explosive  load,  weight  and  shock  effects.  For  energy  transmission,  confined  detonating  fuse 
(CDF)  is  often  employed.  CDF  is  MDF  in  a  confining  structure  designed  to  confine  the  explosive’s 
detonation  products  so  that  they  do  not  damage  or  contaminate  adjacent  components. 

Timing 

When  precise  timing  is  required  for  simultaneous  or  sequential  events,  VOD  can  be  controlled  to 
limits  much  closer  than  standard  tolerances  by  special  processing  or  hydrocompaction.  VOD  con¬ 
trol  of  ±  20  meters  per  second  has  been  achieved  in  many  MDF  configurations. 

Initiation  of  MDF 

MDF  may  be  initiated  either  “end  on”  or  through  the  sheath  (perpendicular  to  the  explosive  core) 
End  initiation  is  most  common  ;throu^  sheath  initiation  is  used  where  geometry  considerations 
preclude  affixing  the  detonator  to  the  end  of  the  MDF.  Each  initiation  fit-up  requires  careful  con¬ 
trol  of  alignment  and  spacing  between  the  detonator  and  the  explosive  core  of  the  MDF.  Detona¬ 
tor  to  MDF  interfaces  are  tested  by  Bruceton  methods  or  similar  to  demonstrate  that  detonation 
will  be  transferred  at  the  most  adverse  combination  of  tolerances. 

Number  6  strength  or  similar  commercial  blasting  caps  are  used  for  MDF  testing  (per  se)  and  for 
some  systems  applications.  Special  detonators  or  CDF  assemblies  are  employed  when  systems  re¬ 
quirements  demand  high  no-fire  levels  (safety),  thermal  resistance,  MIL-SPEC  Qualification  or 
other  special  consideration. 
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Initiation  from  MDF 

MDF  is  used  for  functions  such  as  initiation  of  multiple  MDF  energy  transfer  lines  leading  from  a 
single  manifold,  initiation  of  percussion  devices  (by  force  applied  to  the  primer)  and  initiation  of 
pryotechnic  materials.  Each  initiation  fit-up  requires  control  of  alignment  and  spacing  between  e 
donor  and  the  acceptor. 


Severance 

MDF  provides  rapid  force  application  to  accomplish  severance  for  functions  such  as  rnissile  staging, 
port  opening  or  multiple  point  mechanical  release.  Typical  applications  are  sketched  belowi 


When  the  explosion  products  must  be  contained,  the  MDF  is  encased  in  a  flattened  metal  tube, 
elastromeric  tube  or  bladder.  Function  of  the  MDF  expands  the  tube  or  bladder  applying  force  to 
the  structure  to  be  severed.  When  MDF  is  used  for  severance,  the  explosive  coreload  must  be  tai¬ 
lored  to  the  structure  that  is  to  be  severed  and  the  structure  must  be  designed  to  utilize  the  MDF 
explosive  force  effectively. 


4.  TYPES  OF  MDF 

Ensign  Bickford  produces  MDF  in  many  configurations.  The  explosive,  coreload,  sheath  thickness, 
sheath  material,  detonation  velocity  and  geometry  are  variables  that  may  be  adjusted  to  meet 
exacting  requirements  within  the  basic  limits  of  explosive  performance  and  structural  integrity  of 
the  sheath  (and  reinforcement  materials  if  present). 


Standard  MDF 

The  MDF  tabulated  here  contains  the  explosives  and  coreloads  most  frequently  used  by  the 
aerospace  industry.  MDF  with  special  properties  and  specifications,  is  listed  on  the  following 
pages.  For  further  information  contact  the  Aerospace  Division. 


Coreload- 

Diameter- 

Sheath 

Grain/FT  +  10% 

Inch* 

Material 

1 

.040  +  .002 

Lead 

1 

.040  +  .002 

Aluminum 

2 

.051  i  .002 

Lead 

2 

.051  ±  .002 

Aluminum 

2.5 

.059  ±  .002 

Lead 

2.5 

.059  ±.002 

Aluminum 

2.5 

.072  ±.002 

Aluminum 

5 

.072  ±.003 

Lead 

5 

.072  ±.003 

Aluminum 

10 

.105  +  .003 

Lead 

10 

.105  +  .003 

Aluminum 

15 

.116  ±.003 

Lead 

15 

.116  ±.003 

Aluminum 

20 

.120  ±.003 

Lead 

20 

.120  ±.003 

Aluminum 

*OD  does  not  reflect  extruded  or  reinforcing  layers  over  the  metal  sheath. 
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Appendix  F  -Engineering  Drawings  of  Modified  Shell,  Base,  and  Support  Struc¬ 
tures  for  the  Fins  and  Obturator 
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Appendix  G  -Detailed  Drawing  of  Bolt  Thruster  Designed  by  Special  Devices, 

Incorporated. 


Appendix  H  -Aerodynamic  Properties  of  the  SAL-GP  Fins 
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Appendix  I  -Clamp  Engineering  and  Manufacturing  Drawings 
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